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Twinning in Metals 


By, C. H. Maruewson,* New Hi&ven, Conn. 


(Institute of Metals Division Lecture,t 1928) 


Microscoric metallography has been exploited quite well enough to 
bring about a very general understanding that the typical metal or alloy 
is composed of minute crystalline particles blended into a coherent 
microstructural mosaic. One does not have to be a specialist in metal- 
lography to realize that the properties of such an aggregate are essentially 
a summation in appropriate form of individual effects derived from the 
shape, size, placement or orientation and cohesive characteristics of the 
component particles. 

It is clearly of great importance to consider the various forms of 
discontinuity which may occur at the boundaries between these crystal- 
line particles. When a number of particles each possessing the same 
orderly arrangement of atoms are brought together into a close-fitting 
system of purely haphazard contacts, not unlike a handful of snowflakes 
compacted into a snowball, the particles are said to possess random 
orientation. There are no generally accepted views concerning the 
arrangement of the atoms or the constitutional reaction between atoms 
where one crystal meets another, but these contact regions are charac- 
terized by strength rather than weakness and it is customary to require 
the presence of many rather than few boundaries in preparing metal 
for useful service. 

Under certain circumstances all of the particles in a metal may be 
nearly alike in orientation. Other general tendencies of orientation may 
be associated with particular forms of mechanical and thermal treatment. 

In contrast with these cases of fortuitous or statistical diversity of 
orientation, we often find adjacent particles united along a plane which 
possesses a grouping of atoms belonging equally well to both structures. 
This, of course, determines a fixed relationship between the two orienta- 
tions and it is always possible to derive one from the other by some form 
of rotation or reflection prescribed by the symmetry of the crystal 
structure under consideration. Particles united in this manner are 
known as twin crystals although the term refers to the form of association 
rather than the number of individuals concerned. 


* Professor of Metallurgy, Yale University. 
+ New York Meeting, February, 1928. 
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8 TWINNING IN METALS 


Twinning, in common with other features pertaining to the crystalline 
habit of minerals, is of value in identifying them and has been thus far 
considered chiefly from that point of view. In the field of metallurgy 
it is important as a form of structure alteration which appears to be 
vitally concerned in many metallurgical processes. In approaching this 
subject I have first sought to discover the extent to which twinning has 
been observed in the general list of metals. 


TWINNING IN THE CoMMON METALS 


All of the metals which come frequently into the hands of every 
observer and may therefore be termed common metals—namely, copper, 
silver, gold, iron, aluminum, zinc, lead, tin, nickel, and platinum—are 
quite definitely known to occur in the form of twinned crystals, with the 
possible exception of aluminum, after an appropriate life history in 
which stress and heat treatment are chiefly instrumental. 

In some of these cases, twinning was recognized in native metals or 
in special preparations, e. g., isolated crystals, long before the day of 
wholesale examination of metal structures by the methods of the metal- 
lographic laboratory. Thus, crystals of native gold and copper twinned 
along an octahedral plane are described by Dana! and the large hand- 
books? tell us that twinning of the same form has been observed in 
natural crystals of the other face-centered cubic metals, silver, lead, 
platinum (and iridium). 

The ordinary microstructures developed in metals by polishing and 
etching do not lend themselves readily to the quantitative interpretation 
of crystallographic characteristics, aside from the size of the crystalline 
grains, but they do permit instant recognition of the twin relationship 
in so far as this is revealed by the customary rectilinear trace of the 
twinning plane in the surface under observation and the uniform colora- 
tion of polysynthetic twin lamellae, which often occur in great profusion. 
These structural features give character and individuality—in fact, an 
impressionistic cubist appearance quite evident in Fig. 1—to the familiar 
photomicrographs of hot-worked or cold-worked and annealed copper, 
silver, gold, and their alpha solutions. 


Copper and Alpha Brass 


Although it is generally assumed that recrystallized copper and alpha 
brass twin along octahedral planes, Tammann and Meyer* report twin- 


1. Ss. Dana: Textbook of Mineralogy, 3d Ed., 1922, 178, 350 and 353. John 
Wiley & Sons, Inc., New York. 


* E. 8. Dana: System of Mineralogy, 6th Ed. 1892. John Wiley & Sons, Ine. 
New York. 
P. H. Groth: Chemische Kristallographie, Part I, 1906. W. Engelmann 
Leipzig. 


§G. Tammann and H. H. Meyer: Die Aenderung der Kristallitenorientierung 
bei der Rekristallisation von Kupfer. Zeitschr. fiir Metall. (1926) 18, 176. 
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ning along trapezohedral planes of form {211} in theirsamples of reerystal- 
lized copper, some of which were prepared by mildly cold-working sections 
taken parallel to the cooling surface of a casting and then annealing for a 
period of one hour at a temperature of 750° to 800° C. Moreover, quite 
recently C. F. Elam,*in an X-ray examination of what appeared to be well- 
marked twin bands in a sample of native copper, could find no important 
crystal plane or direction common to both parts of the structure. 

No crystallographic measurements sustaining the first assumption 
were discovered, although it can scarcely be doubted that others in 
common with observers in the Hammond Laboratory have found slip 


Fig. 1.—TWwIns IN ALPHA BRASS. 


bands, universally held to follow the octahedral planes, parallel and 
otherwise appropriately related to the twin bands in strained samples of 
annealed copper or alpha brass. In order to test this assumption further, 
A. J. Phillips® prepared samples of coarse-grained copper and 70:30 
brass cut and polished on two planes intersecting at right angles so as to 
permit measurement of the angles between two, three, or even four hypo- 
thetical twinning planes in a given crystal and the edge in each surface 
plane. The poles of these planes were then located in a stereographic 
projection and the distances between planes were measured. The two 
copper crystals and eight brass crystals investigated all gave measure- 
ments approximating to the nearest degree of arc the correct angles, 
70°, 31’, 44” or 109°, 28’, 16” between octahedral twinning planes, and 


40. F. Elam: Banded Structure in Aluminum and Copper. Nature (1927) 120, 


259. 
6 A. J. Phillips: Twinning in Copper and Brass. See p. 429. 
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furthermore a similar analysis of internal twin bands in both parts of a 
twinned copper or brass crystal left no doubt that the twinning axis was 
perpendicular to the observed composition plane. 

This work proves that twinning in recrystallized copper or alpha brass 
sometimes if not always occurs parallel to an octahedral plane around 
an axis normal to this plane. 


Steel and Iron 


It is well known that the austenitic steels, which may be considered 
to represent gamma iron, yield twinned structures which are scarcely 
to be distinguished from the familiar copper and brass structures. This 
twinning has been observed in plain carbon steel in the form of a record 
left after etching at a suitably elevated temperature,® although it is not 
possible to hold the metal wholly in the gamma condition on cooling. 
Osmond and Cartaud? affirm that “the octahedral faces are at the same 
time planes of translation, planes of twinning, and planes of junction” 
in gamma iron and this applies to twins produced by simple deformation 
as well as to those produced by annealing after deformation. 

Twinning in ferrite, or body-centered cubic iron, has been precisely 
described in a recent paper by McKeehan’ who, by analyzing the specular 
reflection from bright cube faces left by etching in dilute nitric acid, finds 
the twin crystal united along planes of form {211} in such manner that a 
common orientation would result by rotating one part through 60° 
around an axis of form [111]; »7z., one of the axes of threefold symmetry. 
8. Tamura’ within the past year has reported an occurrence of occasional 
bands in the ferrite grains of wrought iron and mild steel under the name 
“pseudo twins,” not intended to define them specifically as pseudomorphs 
of earlier bands in austenite, but to emphasize his impression that metals 
which crystallize in the body-centered cubic lattice seldom, if ever, form 
annealing twins. 

The twins observed in Armco iron wire by McKeehan were produced 
probably as a result of incidental mechanical disturbance during the 
process of growing a crystal of alpha iron by causing it to feed on a 
reserve of transforming gamma iron supplied continuously by uniform 
progression of the wire through a suitably heated zone. Although the 
wire was cold-worked to begin with, the temperature conditions set up 
in the process would appear to require that these twins be regarded as 


§M. A. Baykoff: Sur la Structure d i ale 6 levé 
h ah an » des Aciers aux Températures Hlevées. Rev. 
de Met. (1909) 6, 829. : ; 


7F. Osmond and G. Cartaud: The Crystallograph } 
artaud : > Crystallography of Iron. Jnl. I Ste 
cs ee ee phy on nl. Iron and Steel 


8L. W. McKeehan: Twinning in Ferrite. See p. 453 


98. Tamura: Notes on Pseudo-Twinning in Ferri ‘ 
te. dial, M and Stee 
(1927) 115, 747. g errite. Jnl. Iron and Steel Inst. 
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annealing twins rather than mechanical or deformational twins, following 
the form of classification so generally adopted by participants in this 
field of research. I question the inherent value of this distinction and 
look forward to the time when sufficient evidence is available to prove the 
origin of all twin structures. At present it may be confidently asserted 
that twinning, quite in common with recrystallization, never occurs as a 
result of annealing metals which have passed franquilly from the liquid 
to the solid state but is induced by strain and that recrystallization and 
twinning are mutually reactive at some stage of the combined deforma- 
tional and annealing process. Thus all twins may be of mechanical 
origin and outstanding differences due to their original dimensions and 
their subsequent behavior on annealing. 


Neumann Bands 


About twenty-five years ago O. Miigge' made a careful crystallo- 
graphic study of the characteristic lamellae, commonly known as Neu- 
mann bands, which ordinarily appear when iron is deformed by sudden 
impact. An earlier observation by Linck"! that these lamellae followed 
planes of form {211} was confirmed by Miigge who observed the directions 
of the lamellae on cubic cleavage planes and measured the angles of 
contact between the intersecting surfaces. A complete interpretation 
of the results was offered, according to which twinning along the plane 
(112) brought about a transformation of (010), (100) or (001) planes into 
(112), (112) or (110) planes, respectively. 

Some twenty years later, Miigge” pointed out that on the basis of 
the twinning characteristics previously established, alpha iron would 
have to erystallize in the body-centered form of the cubic lattice, as has 
been amply demonstrated by the modern X-ray methods. 

In spite of the definite outcome of this pioneering work, the Neumann 
bands in iron have given rise to a long-continued controversy. Howe 
gave elaborate attention to this subject in a long chapter of his well 
known treatise’ under the caption, ‘The Neumann Bands or Mechanical 
Twins in Ferrite,” which fairly reveals his position in the matter. _He 
demonstrated that these bands habitually occur parallel to planes of 
form {211} (quite in agreement with Osmond, Miigge, Linck and others) 
but no means of detecting the exact change of orientation across the 
provisional twinning plane could be found and hence complete proof of 
crystallographic twinning could not be deduced. 


QO, Miigge: Uber neuere Strukturflichen an den Krystallen der gediegenen 
Metalle. Jahrb. fiir Min. (1899) 2, 55. 

11 Zeitschr. fir Kristall. (1892) 20, 209. 

120, Miigge: Struktur und einfache Schiebungen des Hisens. 
Chem. (1922) 121, 68. 

13 H. M. Howe: The Metallography of Steel and Cast Tron. 1916. 
Book Co., Inc., New York. 
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Conflicting points of view are emphasized by the rather recent work 
of O’Neill and Rosenhain and McMinn" on this general subject. The 
first of these authors confirms the earlier location of a provisional twinning 
plane {211} and presents interesting arguments as to the inherent proba- 
bility of twinning on the ground of a simple translatory mechanism 
which would readily yield twinned structures. On the other hand, 
Rosenhain and McMinn were unable to trace slip bands through Neu- 
mann lamellae in conformity with the requirements of twinning as seen 
by them. The present uncertainty concerning the nature of slip bands 
in ferrite and their unfavorable form would appear to affect seriously 
an analysis of this sort. 


Fig. 2.—ErcHInG FIGURES WITHIN AND ADJACENT TO A NEUMANN BAND IN SILICON- 
FERRITE. (HARNECKER AND RaAssow.) 


A striking illustration of the condition which would under favorable 
circumstances be revealed by slip bands, namely, change of orientation 
in passing from crystal to twin band, is furnished by the etching figures 
around and within the Neumann band shown in Fig. 2 from an interesting 
study of Neumann bands in iron containing 0.6 per cent. nickel and 
1.3 per cent. phosphorus by Harnecker and Rassow.!® 

The weight of evidence seems to favor the conception that Neumann 
bands are twin lamellae but the attendant controversy has clearly 
reached a stage in which no amount of argument founded upon any set 
of circumstances less vital than the rigorous determination of the crystal 
structure within and adjacent to the bands can prevail. 


‘“ H. O'Neill: Deformation Lines in Large and Small Crystals of Ferrite. Jnl 
Iron and Steel Inst. (1926) 113, 417. . 


16 W. Rosenhain and J. MeMinn: The Plastic Deformation of Iron and the 
Formation of Neumann Lines. Proc. Roy. Soc. (1925) 108, 231. 


16 K, Harnecker and E. Rassow: Aetzfiour ili 1 | i 
; ?. Rassow: Aet en und Zwillingbil a 
Zeitschr. fiir Metall. (1924) 16, 312. s ee 
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Aluminum 


Aluminum seems exceptionally shy in disclosing evidence of twinning. 
According to C. F. Elam,!? banded structures are rarely encountered 
and in two cases investigated by means of the X-rays the plane of junc- 
tion was not related to the crystal structure of either hypothetical twin 
component. The crystals did appear to have a dodecahedral plane in 
common, but as she expresses it “‘the one could only be derived from the 
other by turning it upside down and rotating through an angle of 60°.” 

The absence of the common banded structure which customarily 
denotes twinning in ordinary metallographic preparations does not prove 
the absence of twinning either in worked or annealed structures. In the 
former case twinning in very thin lamellae may accompany or even 
replace slip and pass unrecognized,'* while in the latter case, instability 
at twin boundaries may cause obliteration of the banded structure on 
annealing. 


Zinc and Tin 


Zine and tin are strangely alike in the general circumstances of their 
twinning although unlike in crystal structure. Both metals twin readily 
when deformed unless the crystals are properly oriented to deform by 
pure slip, which according to Mark, Polanyi and Schmid takes place 
primarily along planes of form {0001} and secondarily {1010} in the case 
of zine,!® and {110} or {100} in the case of tin? The twin bands, 
whose formation gives rise to the familiar crackling noise known as the 
tin or zine cry, have been described in considerable detail by Mathewson 
and Phillips?! in the case of zinc and Edwards” in the case of tin. Figs. 
3 and 4 show the striking similarity of these structures. 

The twinning planes in zine are of the form {1012} according to the 
crystallographic and X-ray measurements on large crystals reported by 
Mathewson and Phillips and the twin orientation may be duplicated 
by rotation through 180° around a twinning axis normal to the twin- 


ning plane. 


17C, F. Elam: Op. Cit. | . . 
18 Cf, in this connection Rosenhain’s reference to Benedicks’ views in a discussion 


of Edwards’ paper on Metallic Crystal Twinning. Jnl. Inst. of Metals (1915) 14, 131, 
and Miigge’s observations on translation and twinning in many crystalline substances 
[Zeitschr. anorg. Chem. (1922) 121, 68]. 

19H, Mark, M. Polanyi and E. Schmid: Vorgange bei der Dehnung von Zink- 
kristallen I, IIand III. Zeitschr. Physik. (1922) 12, 58. 

20 H. Mark, M. Polanyi: Die Gitterstruktur, Gleitrichtungen und Gleitebenen des 
Weissen Zinns. Zeitschr. Physik. (1923) 18, 75. ; . 

21 H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zinc. Proc. Inst. Metals Div., A. I. M. E. (1927) 143. ; on 

22 OG. A. Edwards: Metallic Crystal Twinning by Direct Mechanical Strain. Jnl. 


Inst. of Metals. (1915) 14, 116. 
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The early evidence that tin twins along planes of form {111} and 
{331} has been discussed by Miigge” who determined the angles between 


Fic. 4.—Twins In TIN. (EpWarbs. ) 


twinning planes in hammered tin crystals and found good agreement 
with the theoretical requirements for twinning along planes of the latter 
form in a tetragonal crystal based on the axial ratio 0.3857. 


*8 QO. Miigge: Uber die cinfachen Schiebungen am Zinn und seine Zustandsainderung 
bei 161°. Zentralbl. fiir Min. (1917) 233. 
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Lead and Nickel 


There is ample evidence of abundant twinning in the recorded photo- 
micrographs of the metals lead and nickel in the recrystallized condition. 
In the case of lead, Humphrey*™ has offered evidence of a semi-quanti- 
tative character, derived from a study of etching figures, that the straight 
twin boundaries are parallel to octahedral planes. 

Fig. 5, showing many straight boundaries’ and well defined bands 
indicative of twinning, is of particular interest as it represents the 


Fia. 5.—TWwIns IN SURFACE LAYER OF LEAD CUT WITH A MICROTOME. (EE cic Ass) 


recrystallization which occurs spontaneously in the surface layer of lead 
cut ina microtome and very superficially etched with a solution of hydro- 
gen peroxide and acetic acid. The technique used has been described 
by F. F. Lucas?® who very kindly prepared this photomicrograph. 


GENERAL OCCURRENCE OF TWINNING 


If the conditions encountered with the 10 common metals thus far 
brought into this discussion are fairly representative of metals as a whole, 


24, W. Humphrey: Effects of Strain on the Crystal Structure of Lead. Phil. 


Trans. Roy. Soc. (1903) 200A, 225. . : 
25 #. F. Lucas: Application of Microtome Methods to the Preparation of Soft 


Metals for Microscopic Examination. Proc. Inst. Metals Div., A. I. M. E. (1927) 481. 
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we may express in general terms what Miigge*® has written in regard to 
iron, namely that twinning (customarily) accompanies the reshaping 
of a metal (by cold working or cold working and annealing) and that 
without twinning this change of form would indeed occur in a very 
different manner. 


The Face-centered Cubic Metals 


In seeking to classify the phenomena of twinning in the entire list of 
metals, which for convenience may be grouped according to the various 
types of crystal structure represented,” I am struck by the lack of 
crystallographic data in this field. Thus, I have found no complete 
description of twinning in any of the six metals, calcium, cerium, cobalt, 
palladium, rhodium, and thorium, which together with aluminum, 
copper, gold, iridium, gamma iron, lead, nickel, platinum and silver, 
constitute the face-centered cubic group. 

A summary of the incomplete information now available is given in 
Table 1. 


TABLE 1.—Face-centered Cubic Metals 


Metal | Twinning | Composition |) twang 
PEN OLTA CLC : Questionable 
Caleiumitnee ra tse: 
Cenuin er eee ee | Probable 
Cobalt annette ner re ETO n ale 
Gopper ee ease ees ee | Clearly defined Pi be i tt] 
Gold Macon ee ae Clear) vac enned Pash a {111] 
Tridium........ 2. .0se0 «0+ +s oe) Cleatlyadetned {111} fli 
Gamma iron................| Clearly defined tee {111) 
Lead. .............+++4.+...| Clearly defined SS been 
INickelT ey 0s n dee eee cOOd microscopiccevidence 
Ballediumyss aoe | 
Plartinuml.a-0,4 ores oc eee Clearly defined { 111} | {111] 
Eibo duane) eee 
DIN Cia eriat ae sneer Glesrlved enmned lala {111] 
ELD OPINION ees, ee eee i 


In the case of cerium, the banded structure found by Schumacher and 


Lucas’ in samples of pure metal may be accepted as qualitative evidence 
of twinning. This is illustrated in Fig. 6. 


*6 Zeitschr. anorg. Chem. (1922) 121, 68. 
* International Critical Tables (1926) 1, 338. 


; 28H. Bh. Schumacher and F. F. Lucas: Photomicrographie Evidence of the Crvstal 
Structure of Pure Cerium. Jnl. Amer. Chem. Soc. (1924) 46, 1167. 


17 


MATHEWSON 


lei 


C. 


( 


YUaHOVN 


oHOg ° 


a 


WW ANY SV 


@) 


(ova fi 


A al) 


WOH FY 


Od 


NI qungonuLs a@aNvg—'9 ‘NIT 


18 TWINNING IN METALS 


Vogel? has drawn attention to striae believed to be deformational 
twins found in the surface layers of cobalt, nickel and various alloys after 
grinding and polishing. So-called annealing twins are familiar elements 
in the microstructure of nickel and its alloys such as invar, nichrome, 
permalloy and monel metal, but I do not find that any precise crystal- 
lographie study of these twin bands has ever been undertaken. 


The Body-centered Cubic Metals 


No precise record of twinning has been found in the case of any of 
the body-centered metals, which, together with alpha iron, are listed in 
Table 2. 


TasLe 2.—Body-centered Cubic Metals 


nnn ne. —. ee 


Metal Twinning ig ee are 

l 

(@hromilumiescey ere ome Not observed | 

INNOMRE ARO, 6c o pon ccc cn occe + || CleRashy ckemmeg! {112} [111] 

IGOR, week eG oueds Good Su 

Molybdenum...............| Not observed | 

Potassiuineen oe eee eee | | 

SOMITE cece Ree | 

TRWMHAMDMN none eaoe ous ee | 

Pun eisben aes. aaa ee .. Not observed | 

Vanadium: -e se ae oeeeenl EeCOLdedub ys Grothe {44319 | [443]? 


4 P. H. Groth: Chem. Kristall. The original paper by Setterberg is inaccessible. 


It is rather generally believed that body-centered cubic metals do not 
form twin crystals. To maintain this point of view it should be necessary 
to prove that Neumanns in alpha iron are not twin lamellae and that 
the twins so fully described by MckKeehan are merely pseudomorphs 
of twins originally formed in austenite at a higher temperature. The 
latter situation would imply that when gamma iron changes to alpha 
iron certain twin boundary planes of form {111} in the face-centered 
lattice become converted perhaps without any change of position into 
composition planes of form {211} between the new crystal and new 
twin in the body-centered lattice. In order to account fully for the 
boundary conditions observed in these alpha twins it would be necessary 
to assume that some other part of an original gamma twin boundary 
moves into the position of a second boundary plane of form {211} between 
the same alpha twin and the rest of the crystal. 

G. Edmunds at the Hammond Laboratory has been unable to find 
twin lamellae in the fragments produced by hammering samples of 
chromium, molybdenum, tantalum, tungsten and vanadium. 


2, Vogel: Uber Zwillingsbildung in den Oberflachen Schichten von Metallen 
infolge Kaltbearbeitung. Zeitschr. anorg. Chem. (1921) Uples Se/ ll. 
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Nothing is known concerning the behavior of the alkali metals in 
respect to twinning. 


The Hexagonal Metals 


The metals allied to zinc, except mercury, in the hexagonal close- 
packed group have been studied by Mathewson and Phillips,*° who find 
twinning on planes of form {1012} in every case quite in conformity with 
the twinning behavior of zine (see Table 3). *No other metal in this 
group has been studied from the present point of view. 


TasLE 3.—Hexagonal Close-packed “Metals 


Metal Twinning | cee Sree Axial Ratio 
Beryllium................| Clearly defined | {1012} [1012] 1.58 
Gadmitimes 5. sen somes 2 Clearly defined {1012} [1012] 1.89 
C@iniibinn..» 5 Sees eal E62 
i i nee | 1.633 
[EIS HONGOTT oo Bee Ce eee | 1.64 
Magnesium............... Clearly defined {1012} | [1012] 1.624 
ORI. 66556 aoe eee | 1.59 
IRMA CNI nae Gea ee oe! | il 59 
Thierens one oo ste ens el 1.59 
Vint eee ee eee} Clearlysdetined {1012} | [1012] 1.86 
WiRXOWIMUNG ooo os 5 ES 1.59 


Other Metals of Known Crystal Structure 


The remaining metals of known crystal structure are grouped in 
Table 4. Twinning in antimony and bismuth by pressure was described 


Taste 4.—Miscellaneous Metals 


i ing i ing : 
Metal | Twinning ane eee Form of Lattice 

Antimony....-.- ..| Clearly defined {0112} [0112] Hex.-rhombohedral 
Bismuth ..........| Clearly defined {O112}¢! [0112] Hex.-rhombohedral 
(Germanlunits aes Diamond cubie 
Indium.........---| Mieroscopie evidence 8 Face-centered  te- 

| tragonal 
Tellurium | Hex.-rhombohedral 
Tin (gray) | Diamond cubic 
Thm, (GHONUE) is aera e | Clearly defined {331} or] [331] or Tetragonal of spe- 

| ality || nian cial form 


«See Footnote 31. 
’ See Footnote 32. 


30 CO. H. Mathewson and A. J. Phillips: Twinning in Beryllium, Magnesium, Zinc, 


and Cadmium. See p. 445. 
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by Miigge more than 40 years ago.*! Carpenter and Tamura* have 
photographed twin bands of the usual appearance in a deformed and 
annealed sample of indium. Germaniumand tellurium remain untouched 
in this field of investigation. 


Metals of Unknown Crystal Structure 


I have found no record of twinning either qualitative or quantitative 
in any of the remaining metals: actinium, columbium, gallium, man- 
ganese, mercury, niobium, polonium, radium, seandium, thallium, 
uranium, yttrium and rare earth metals. 


CY 
Summary 


It may be said in concluding this survey that twinning in one form 
or another is an ordinary feature of the microstructure of all the familiar 
metals except aluminum. It is known to occur in some of the other 
metals but comparatively few have been investigated. Obviously the 
absence of twinning cannot be postulated in any of the negative cases. 
For example, it has not been demonstrated, although it may appear 
improbable, that twinning has no part in the fragmentation and fibering 
of tungsten by swaging, as described by Smithells.** 

Twinning therefore is prevalent in metals and consequently a factor of 
great influence on the shape, size, and particularly the orientation of the 
crystalline particles formed when metals are forced to change their shape 


by mechanical treatment and brought to various temper conditions by 
annealing. 


SoME OBSERVATIONS ON ‘TWINNING AND RECRYSTALLIZATION IN 
Wrovucut MetTats or THE HEXAGONAL AND Cusic GROUPS 


This includes most of the metals. The experimental work is restricted 
to one metal in each group. Only in the ease of zine are the observations 
systematic from a crystallographic point of view and even in this case 
the work is incomplete in many directions. Iron is discussed quite 
briefly on the basis of Krivobok’s experiments.’ The observations on 
copper are for the most part fragmentary and circumstantial. Neverthe- 
less, there is a continuity of circumstance and an undercurrent of analogy 
pointing to a general group of postulates or provisional assertions, which 
may at least stir up an amount of useful discussion. 


51O. Miigge. Uber kunstliche Zwillingsbildung durch Druck am Antimon, Wis- 
muth und Diopsid. Neue Jahrb. fiir Min. (1886) 1, 183. 


°° H.C. H. Carpenter and 8. Tamura: The Formation of Twinned Metallic Crys- 
tals. Proc. Roy. Soc. (1926-27) 118A, 161. ; 


°C. J. Smithells: Tungsten. 1926. Chapman & Hall, London. 


4 V. N. Krivobok: A Photomicrographie Study of the Process of Reerystallization 
in Certain Cold-worked Metals. A. I. M. E. Pamphlet No. 1557-E (1926). 
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Rolled Zinc 


With adaptable single crystals at hand, it appears to be a simple 
matter to plan and execute a set of experiments in which various selected 
orientations are deformed plastically by rolling, and critically examined 
under the microscope from time to time as they change structurally 
during the process. 

In practice, difficulties were found which hive thus far limited the 
work to the rolling of thin sections bounded top and bottom by basal 
cleavages. Chilled flat-metal single crystals about 14 in. thick with 
their basal planes nearly perpendicular to the surface could be broken 
quite easily along these planes by simply bending or forcing a sharp blade 
into the metal in the desired region. In this way sections down to 1 mm. 
thick were produced without twinning except in a few localized areas. 

In any small-scale laboratory study of a rolling process the advantage 
of having a specimen with two perfectly flat and parallel surfaces cannot 
be overestimated. It is, of course, impossible to retain this advantage 


Fig. 7.—APPROXIMATE CHANGE IN ORIENTATION DUE TO SIMPLE TWINNING IN ZINC. 


in specimens of other orientations, which must be cut to specifications 
from the original single crystal. The operations of cutting, grinding and 
polishing such small samples, even when conducted with extreme care, 
produce an amount of twinning which materially changes the reaction 
of the material to rolling or other designated forms of stress. 

A great many experiments were made with cleavage sections of dif- 
ferent thickness rolled various amounts either continuously or in stages. 

Only the most general conclusions will be presented here, together 
with such illustrations as seem necessary to give them force and clarity. 

If we imagine the atoms in a basal cleavage section of thickness d 
to be completely rearranged by twinning along one set of planes of form 
{1012} without changing the horizontal plane of the section, the vertical 
hexagonal axis assumes a position only 4° removed from the horizontal 
and the thickness decreases 7.21 per cent. 

This is nearly equivalent to turning the unit hexagonal prism on its 
side as shown in Fig. 7 so that the thickness which was originally propor- 
tional to the height (d = 1.862) becomes nearly proportional to the 
distance between prismatic faces (d’ = V/3). 
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{ 


If the twinning occurs in different parts of the specimen along differ- 
ent planes of form {1012}—for example, (0112), (0112), (1102), and 
(1102)—the hexagonal axis will assume different directions, 60° apart, 
in planes 4° from the horizontal and the reduction in thickness may be 
somewhat less than in the simple case owing to redistribution of the 
strain which is theoretically in evidence at twin boundaries when we 
follow a simple geometrical plan of bringing the atoms up to a common 
composition plane. 

With large portions of the specimen dominated by a single set of 
twinning planes this effect would of course be negligible, but with an 
involved interlacing of minute twins it might be considerable. 

The conditions observed by K. R. Van Horn in the Hammond Labo- 
ratory experiments favor the simple interpretation. Many basal 
cleavage sections rolled to a reduction of 6 to 7 per cent. contained 


TPACES OF 
7 WINMING 


LUPE CT VOW. 
OD POLLING 


TRACES OF TWINWING PLANES 


Fig. 8.—POSSIBLE TWINNING PLANES AND SPOTS PHOTOGRAPHED IN A ROLLED BASAL 
CLEAVAGE SECTION OF A ZINC CRYSTAL. 


large regions wholly converted to a single preferred twin orientation. 
The prevailing conditions are represented by the following analysis of 
one specimen. The dimensions and orientation of this specimen are 
shown in Fig. 8. 

The thickness was reduced 6.98 per cent. by two passes through a 
small set of hand-operated rolls. The specimen was then dipped in 
moderately concentrated nitric acid and examined on both rolled surfaces 
under the microscope. In this work plane, polarized light was passed 


Fig. 9.—ZINC IN POLARIZED LIGHT. CROSSED NIcoLs. XX 100. Top SURFACE IN 
EKG, 43, 

Mia. 10.—ZINC IN POLARIZED LIGHT. CRossED NICcoLS. X 100. Tor SURFACE 
IN Fie. 8. 

ny 1 q a 

ee BAe aING IN POLARIZED LIGHT. CROSSED NICOLS. XX 100. Borrom suRFACE 
IN Fic. § i 


Lie Le oryek IN POLARIZED LIGHT. CROSSED NICOLS. 100. BorromsuRFACR 
IN Fie. 8. : : 


WD) ee ZINC IN POLARIZED LIGHT. CROSSED NICOLS. 100. STRUCTURE AT 
IN Fie. 8. 


5 ae ee IN POLARIZED LIGHT. CROSSED NICOLS. X 100. SrructrurE at 
2) In Fia. 8. : ; 


(Reduced to 34 original seale, original magnification given.) 
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through a vertical illuminator and, after reflection from the surface 
of the specimen, through an analyzing nicol prism which was usually 
set to extinguish light vibrating in the original (non-rotated) plane of 


Fia. 15.—ZInc IN POLARIZED LIGHT. CROSSED NICOLS. X 100. StRucTURE AT 
(3) in Fie. 8 


Fig. 16.—Zinc IN POLARIZED LIGHT. CROSSED NICOLS. XX 100. StrRucTURE AT 
(4) In Fia. 8 


Fia. 17.—ZInc IN POLARIZED LIGHT. CROSSED NICOLS. XX 100. StRucTURE AT 
(5) In Fre. 8 


ig. 18.—ZINc IN POLARIZED LIGHT. CROSSED NICOLS. X 100. SrrRucTURE AT 
(6) In Fia. 8 


(Reduced to 34 original scale, original magnification given.) 


polarization. On rotating the stage, contrast could be developed between 
the various structure elements and twin bands could be identified either 
by measuring the angles between various twinning planes or deter- 
mining the positions of complete parallel extinction. For quantitative 
work the former method was preferred as it was less influenced by surface 
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inequalities due to variable etching, wavy rolling, ete. Unaltered basal 
surfaces which normally should be optically isotropic actually remained 
uniformly dark during complete rotation through 360°. 

Figs. 9, 10, 11, and 12 represent several portions of the top and 
bottom surfaces photographed between crossed nicols and marked for 
identification of the structure elements shown. In all of these photos 
only small remnants of the original base {00014 are visible. Almost the 
entire substance of the crystal has been transformed by twinning into another 
crystal. Bands or patches formed by twinning along all possible planes 
of form {1012}, six in number, are combiried in the new crystal. The 
distribution varies in different parts of the crystal but it can be stated 
that (0112) and (0112) are strongly preferred planes of twinning in this 
specimen while (1012) and (1012) merely contributed a few bands along 
the edge due to bending stresses set up when the original cleavages 
were made.*® 

Figs. 9 and 10 show that either (0112) or (0112) are preferred planes 
at the top of the specimen and Figs. 11 and 12 that a similar condition 
exists at the bottom surface. These planes come nearest into line with 
the axis of revolution of the rolls. 

The nature of this preference is revealed by examining the sides, 
which had to be smoothed and polished carefully with fine abrasive to 
remove the roughness due to rolling and at the same time retain the 
original structure. The beveled end, which was a natural feature of the 
specimen, entered the rolls first, as shown in Fig. 8. At the spot marked 
1, about halfway down the beveled edge, less than half of the metal 
(shown white in Fig. 13) retains its original orientation and the rest 
(shown dark in Fig. 13) is twinned in general along the (0112) planes. 
A few narrow bands twinned along (0112) planes may be seen at the 
right and in the upper center a band twinned along (1102). 

At the spot marked 2, just beyond the beveled edge, represented by 
Fig. 14, very little of the original erystal remains and the metal is prin- 
cipally composed of twins along (0112) coming down from the top and 
(0112) coming up from the bottom. 

This condition is typical of the structure at other locations with the 
added qualification that the two varieties of preferred twins occur in 
variable quantities with the first always in excess. Thus Fig. 15, repre- 
senting the spot marked 3 near the top of the specimen, shows only 
traces of the second preferred twin; Fig. 16, a spot (4) near the bottom, 
about the same; Fig. 17, another spot (5) near the bottom, considerably 
more of the second twin and finally Fig. 18, a spot near the upper center, 


35 The identity of these bands is fixed by tracing them across the edge into the 
upper or lower surface. It may be noted that the pair (0112) and (0112) can easily 
be distinguished from the pair (1102) and (1102) on the surface and the pair (0112) 
and (1102) from the pair (0112) and (1102) on the edge. 
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virtually a complete transformation by twinning along (0112) planes. 
The last figure also represents the structure of the rest of the material 
visible on this section. 

The opposite side of the specimen shows a more general participation 
of the other two twinning planes (1102) and (1102). Various condi- 
tions of preferred twinning along the four predominant planes are 
observed on examination of different cleavage specimens from the 
same crystal. When the direction of rolling is exactly parallel to the 
edge, the planes (0112) and (0112) are inclined 26° and the planes (1102) 
and (1102) 34° to the axis of revolution of the rolls. Thus an incon- 
siderable displacement of 4° in the right direction as the specimen passes 


Fig. 19.—LavuE PATTERN FROM UN- Fig. 20.—LAUE PATTERN FROM BASAL 
TWINNED BASAL CLEAVAGE. CLEAVAGE REDUCED 6 TO 7 PER CENT. IN 
THICKNESS BY COLD ROLLING. 


through the rolls should bring these two sets of planes into equiva- 
lent action. 

This condition was actually discovered by R. M. Bozorth of the Bell 
Telephone Laboratories in a Laue pattern®® of one of these specimens 
which had been reduced 6.6 per cent. in thickness by one pass through 
the rolls. Another specimen rolled almost exactly the same amount 
furnished a pattern showing one predominant twin. The pattern from 
an untwinned cleavage is shown in Fig. 19 and one of the altered patterns 
in Hig. 20. So much of the radiation was absorbed by these specimens 
which were about 19 mm. thick, that only the most strongly nonecune 
planes are recorded in the halftones. These are the planes of form 
(1231; in the original crystal responsible for twelve spots equidistant 
from the center and basal planes from four twins inclined 86° to the 


36 Gener: ra diati Pa 
reneral radiation from a tungsten target was employed in this and similar 


experiments and the beam was directed at right angles to the cleavage surface. 
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cleavage surface represented by one bright spot and three much fainter 
spots of varying intensity near the center. 

It is observed that the spots from the original crystal are scarcely 
discernible in Fig. 20 while the dominant intensity of the spot just above 
and to the right of the spot formed by the undeviated beam indicates 
that the crystal is principally composed of material twinned along the 
preferred plane (0112). The original negative,also revealed faint spots 
which could be referred to planes of form (2130) and (2131) in the 
twin. The elongated and generally ragged appearance of all diffrac- 
tion spots from rolled samples is attributed to distortion associated 
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Fic. 21.—ZINC IN POLARIZED LIGHT. CROSSED NICOLS. X 100. BASAL CLEAV- 
AGB SECTION REDUCED 18 TO 19 PER CENT. IN THICKNESS BY COLD ROLLING. REACTION 
BETWEEN TWIN BANDS (0112) anp (1102) THE LATTER ROTATED TO A POSITION OF 
EXTINCTION. NARROW INTERNAL TWIN BANDS OF SECOND GENERATION VISIBLE. 

Fic. 22.—ZINC IN POLARIZED LIGHT. CROSSED NICOLS. X 100. Basau CLEAV- 
AGE SECTION REDUCED 18 To 19 PER CENT. IN THICKNESS BY COLD ROLLING. REACTION 
BETWEEN TWIN BANDS (0112) anp (1102) THE FORMER ROTATED TO A POSITION OF 
EXTINCTION. NARROW TWIN BANDS OF SECOND GENERATION VISIBLE. 

(Reduced to 34 original scale, original magnification given.) 


with the twinning and the accompanying basal slip revealed by slip 
bands in some of the twinned portions along an edge which had been 
carefully polished and lightly etched before rolling. . 
When these cleavage sections are rolled beyond the amount required 
for complete twinning, further extension must take place by some 
slipping process. Planes of the two forms representing the closest atomic 
packing, viz., {0001} nearly vertical and {1010} nearly horizontal, 
seem to be unfavorably located for slip, but the polished and etched 
side of the specimen described in Fig. 8 showed numerous faint striae 
parallel to both of these planes when it was rolled to a further shght 


reduction. In addition some of the twin bands along the principal 
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preferred plane (0112) contained striae inclined about 67° to the edge, 
not greatly different from the value 64° which would represent the 
traces of twinning planes yielding certain twins of a second generation 
actually observed in the primary bands (d in Fig, 25). “In some places 
curved striae were observed. It is concluded that there is a complhi- 
cation of slip and twinning along several sets of planes accompanied by a 
certain amount of distortion. 


Fig. 23.—STHREOGRAPHIC PROJECTION OF BASAL PLANES IN A ZINC CRYSTAL AND 
ALL POSSIBLE TWINS THROUGH TWO GENERATIONS, SHOWING TRACES OF THESE PLANES 
IN THE PLANE OF THE PROJECTION. 

© = pole of basal plane in the original crystal. 

@ = poles of basal planes in twins of the first generation. 
= poles of basal planes in twins of the second generation. 


The surface structure of a specimen reduced 18.9 per cent. in thickness 
in three passes through the rolls furnishes considerable evidence concern- 
ing the nature of recrystallization. The customary angular intergrowths 
of twin bands sometimes including lamellae of the original crystal 
develop by interchange of material across the boundaries into more or 
less rounded dendritic forms, with the frequent occurrence of detached 
lobes or branches. This effect, which is illustrated in Figs. 21 and 22, 
taken between crossed nicols, represents recrystallization in the limited 
sense that there has been a granulation and redistribution but not a 
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pronounced reorientation of the material. It is commonly regarded as 
spontaneous recrystallization during working in conformity with the well 
known fact that cold-rolling of zine substantially at room temperature 
produces the type of alteration which is usually associated with the hot- 
working of metals. In taking Fig. 21, the stage was rotated to bring the 
central dendritic patch with its appendages into a position of complete 
extinction. A simple analysis with the aid of a,stereographic projection 
of the basal planes in the crystal and all possible twins through two 
generations, shown in Fig. 23, identifies this patch as an original (pre- 
ferred) twin along (1102) planes; viz., a° line perpendicular to aline 
joining the pole of a basal plane, as reorientated by twinning, with the 


Fig. 24.—ZINC IN POLARIZED LIGHT. CROSSED NICOLS. XX 100. BASAL CLEAV- 
AGE SECTION REDUCED 18 To 19 PER CENT. IN THICKNESS BY COLD ROLLING. ‘TWIN 
BANDS OF THE SECOND GENERATION INTERSECTING AT 88° IN AN ORIGINAL TWIN ALONG 
(0112) PLANES VIEWED IN THE CLEAVAGE SURFACE. 

(Reduced to 34 original scale, original magnification given. ) 


center of the projection gives one of the four positions of extinction 
when this twin is rotated in the plane of the original basal cleavage. 
Fig. 22 represents the same location on the specimen rotated to produce 
extinction of the conspicuous intergrowth. This proves to be a twin 
parallel to (0112) planes. 

Complex twinning was expected in the hard-rolled specimens and in 
the present case is particularly well represented by two varieties of twins 
belonging to a second generation derived from original twin bands along 
(0112) planes. These intersect approximately at right angles as shown 
in Fig. 24 and the poles of their corresponding twinning planes are located 
at a and b in Fig. 25, which is a projection in the original cleavage plane 
of the poles of all possible twinning planes through two generations. 
The lines a’ and b’ represent the traces of these planes in the original base 
and the angle between them is 88°. The poles representing other twins 
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Fig. 25.—STEREOGRAPHIC PROJECTION OF TWINNING PLANES IN A ZINC CRYSTAL 
AND ALL POSSIBLE TWINS THROUGH TWO GENERATIONS, SHOWING TRACES OF THESE 
PLANES IN THE ORIGINAL BASAL PLANE, WHICH IS THE PLANE OF THE PROJECTION. 

o = pole of basal plane in the original erystal. 


@ = poles of twinning planes yielding twins of the first generation. 
O = poles of twinning planes yielding twins of the second generation. 


Fig. 26.—LAUE PATTERN OF BASAL CLEAVAGE SECTION REDUCED 18 To 19 PER CENT. IN 
THICKNESS BY COLD ROLLING, 
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belonging to a second generation observed in this specimen are marked 
6d, 4,7, and gin Mig. 25. 

The Laue pattern obtained from this specimen is given in Fig. 26. 
An outer grouping of faint spots (not visible in the reproduction) cor- 
responding to the prominent spots in Fig. 19 proves that some of the 


Fic. 27.—ZINC IN POLARIZED LIGHT. BASAL CLEAVAGE SECTION REDUCED 50 PER 
CENT. IN THICKNESS BY COLD ROLLING. RECRYSTALLIZATION WITH DIVERSITY OF 
ORIENTATION. 


Fie. 28.—LAUE PATTERN OF BASAL CLEAVAGE SECTION REDUCED 50 PER CENT. IN 
THICKNESS BY COLD ROLLING. 

original crystal still remains. This may indicate that a concentration 

of impurities in certain parts of the crystal has prevented the atomic 

movements required for twinning. An interesting discussion of effects 

of this character as related to pure slip has been contributed this year by 

M. J. Buerger.?7 The extreme faintness of spots at the extremities of a 


31 M. J. Buerger: The Cause of Translation Striae and Translation Strain-hardening 
sdle eer: : 
; : — 
in Crystals. See p. 375. 
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vertical diameter through the central group indicates that practically 
no twins had developed along (1012) and (1012) planes in the cubic 
millimeter of material traversed by the X-ray beam. The prominence 
of the other four spots signifies that the specimen is for the most part 


Fic. 29.—ZInc IN POLARIZED LIGHT. BASAL CLEAVAGE SECTION REDUCED 50 PER 
: . 9RN?S ie ram 9 7 I 
CENT. BY COLD ROLLING AND ANNEALED 10 MIN. AT 250° C. RECRYSTALLIZATION AND 
CRAIN GROWTH. 


Fic. 30.—LAUE PATTERN OF BASAL CLEAVAGE. SECTION REDUCED 50 PER CENT IN 
THICKNESS BY COLD ROLLING AND ANNEALED 10 MIN. AT 250° C, 


composed of twins formed along the four planes, (0112), (0112), (1102), 
and (1102). 

Part of the etched surface of a specimen reduced 50 per cent. in thick- 
ness by cold rolling is shown in Fig. 27. Itis probable that the prevailing 
fine granulation is a result of reaction between descendent twin lamellae 
just as the coarse granulation in an earlier stage came from the original 
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twins. This might result in a sufficient diversity of orientation to 
account for the Laue pattern which is reproduced in Fig. 28. The original 
crystal seems to have disappeared but the positions of the six original 
twins are marked by selective groupings of the diffraction spots in the 
central ring. These details are unsatisfactory in the reproduction. 

A piece of this specimen was annealed for ten minutes at 250° C. 
The microstructure given in Fig. 29 and the Laue pattern in Fig. 30 reveal 
grain growth but at present it is not possible to decide whether any new 
orientations have been produced, apart from those which would approxi- 
mate the requirements of complex twinning. It may be stated that a 
full complement of twins through only three generations would permit no 
angle greater than 5° to separate adjacent traces of planes of form {0001} 
in the original cleavage surface. 


Hammered Iron and Rolled Beta Brass 


Krivobok’s experiments*® demonstrate that the recrystallization 
effected by annealing pure electrolytic iron or iron containing about 1.75 


Fig. 31.—AN EARLY STAGE OF Fic. 32.—A LATER STAGE OF 


RECRYSTALLIZATION IN SILICON-FER- RECRYSTALLIZATION IN SILICON-FER- 
RITE PRODUCED BY ANNEALING AFTER RITE. (KKRIVOBOK.) 


COLD-HAMMERING. (KRIVOBOK.) 


per cent. of silicon, previously reduced 25 per cent. in thickness by cold 
hammering, can be definitely traced to numerous Neumann bands which 
he regarded as the principal seat of strain in the cold-worked material, 
without attempting to define their constitution. An assumption that 
they are mechanical twins with distortion at the boundaries would favor 


388 V, N. Krivobok: Op. cit. 
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the deductions drawn from these experiments. Two of the many 
excellent photographs included in the paper are reproduced for the pur- 
pose of illustrating some of the significant transformations observed. 

In Fig. 31 a band near the left-hand margin has developed into a 
dendritic growth by invading the original crystal on both sides and 
feeding along several intersecting bands. The similarity between this 
process and the reaction between twin bands in zine is quite evident. 
In the present case the original bands are narrow intrusions in a pre- 
dominant volume of the original erystal and nothing is known concerning 
the orientations of the various components either before or after the 
transformation. That the entire substance of the crystal may be 
irregularly partitioned by growth emanating from these narrow bands is 
evident on inspection of Fig. 32 in which the directional influence of the 
bands can be seen in spite of their partial disintegration and subsequent 
growth in various directions. 

There has been a general failure to recognize any participation of 
twinning in the general process of deformation and recrystallization as 
observed in iron of the usual fine-grained structure. Chappell,’* who 
carefully studied recrystallization in iron wire containing 0.07 per cent. 
carbon, in describing the first stage writes as follows: ‘‘These granular 
markings (representing the first change on annealing), indicating disin- 
tegration and incipient recrystallization of the deformed ferrite crystals, 
very often take the form of roughly parallel and curved bands crossing 
the crystals obliquely to the longitudinal axis.”’ 

How much of this failure may be attributed to the extremely minute 
size of the strain markings and the first elements of recrystallization, 
making it difficult to recognize any eventual participation of twins in the 
process and how much to the alleged circumstance that Neumann bands 
are produced only by special forms of deformation cannot be predicted. 
It is perhaps significant that these special conditions, namely, shock in 
coarse-grained metal, would particularly favor the production of twin 
bands large enough to be recognized without difficulty. So keen an 
observer as L. W. MckKeehan?® has suggested, as an alternative to the 
columnar slipping proposed by Taylor and Elam‘! to account for curved 
slip bands in iron, twinning on a very fine scale with zigzag boundaries 
which would be possible on account of the peculiar relation of twins 
along planes of form {211} in a body-centered cubic structure. 

Good photomicrographs illustrating mechanical twinning in rolled 
beta brass may be found in Miss Clark’s paper on heat treatment of 60— 


8° ©, Chappell: The Reerystallization of Deformed Tron, Jnl. Iron and Steel Inst 
(1914) 89, 460. ; 
401. W. McKeehan: Op. cit. 


41 G. I. Taylor and C. F. Elam: The Distortion of Iron Crystals. Proc. Roy. Soe 
(1926) 112A, 337. : Vasocs 
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40 brass.22. In a discussion of that paper‘ I pointed out the intimate 
connection between twinning and recrystallization observed in a pure 
beta brass with about 53 per cent. of copper. There are many points 
of similarity in the recrystallization of alpha iron and beta brass and it is 
noteworthy that both possess the body-centered cubic type of structure.“ 


Copper and Its Alpha Solutions 


Bands of detectable width at once suggesting twin lamellae are not 
infrequently observed in microsections of strained copper, brasses and 
bronzes. As in the other examples of mechanical twinning, deformation 
by impact is especially productive of these markings, which belong to the 
group designated Non-effaceable Deformation Figures by Osmond and 
Cartaud,*® and correspond to the ones found by these authors in face- 
centered cubic iron parallel to planes of form {111}. 

A. J. Phillips, working in the Hammond Laboratory, has recently 
attempted to trace the relationship between these markings and the 
structure elements which develop on annealing. Deformation figures 
of striking appearance were found in the altered surface layers of metal 
shaped by rough grinding with an emery wheel. A sample of copper 
containing 12.5 per cent. of tin, previously homogenized, developed the 
regular pattern shown in Fig. 33. Part of a single crystal in cast brass 
containing 70 per cent. of copper revealed a quite variable distribution 
of three intersecting sets of bands according to the pattern shown in Fig. 
34. Various combinations of bands occur with variable spacing in 
different parts of the large crystal shown in Fig. 35. Curvature of the 
bands indicating distortion is also prominent in certain parts of 
the specimen. 

The best proof that these bands are twin bands is that, on annealing, 
groups of narrow parallel bands merge to form twin bands of ordinary 
appearance. A very early stage in this process is shown in Fig. 36, a 
later stage in Fig. 37 and a more perfected stage in Fig. 38. 

Theoretically there should be no strain at a simple twin boundary 
in the face-centered cubic lattice but this is neither true of the extremities 
nor of the intersections with other bands. Consequently parallel bands 
may grow into one another from the ends, as is often observed even in the 
case of the more gradual changes in somewhat stabilized structures at 
elevated temperatures. This effect is illustrated particularly well by 
the central group of bands shown in Fig. 39. The selective infiltration 


2}. H. Clark: A Study of the Heat Treatment, Microstructure and Hardness of 
60-40 Brass. Proc. Inst. Metals Div., A. I. M. E. (1927) 276. 
43 Op. cit., 299. 


‘4 A recent investigation of the structure of beta brass by Arthur Phillips and L. W. 


Thelin was reported in the Journal of the Franklin Institute, September, 1927, 
45 F, Osmond and G. Cartaud: Op. cit. , 
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of a growing band along paths provided by an intersecting set of bands is 
shown in Fig. 40. Portions of the original crystal and other twin bands 
are left in the interior of the growing band. This irregular growth, of 
course, accounts for patches of irregular shape, the so-called reerystallized 
erains, which according to this view possess the orientations of the original 
erystal or its four possible twins. 


Fic. 41.—ForMATION OF CURVED TWIN Fic. 42.—CuRVED TWIN BANDS IN 
BANDS. XX 500. A FULLY ANNEALED SAMPLE OF ALPHA 
BRASS. XX 100. 
(Reduced to 45 original scale, original magnification given.) 


General distortion might bring about some deviation from this simple 
condition in that the parts of a distorted twin band might grow into 
separate grains of slightly different orientation. That this need not 
always occur is shown by Fig. 41, in which curved bands have grown 
together on annealing with a probable readjustment of the atoms to 
form an unstrained lattice. A good illustration of this effect in a more 
fully annealed sample may be seen in Fig. 42. 

When a erystal which has already been worked** and annealed once is 
again treated in the same manner, each visible twin band or grain emanat- 
ing from a twin band is potentially capable of developing a new set of 


© Tt is assumed that all forms of cold working yield twins in most face-centered 
cubic metals. Even though this is not at once apparent in the microstructure after 
cold working it is inferred from the numerous twins which are observed after annealing, 
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bands or grains. The twelve new orientations possible in such a second 
generation of twins are shown by the open squares in the stereographic 
projection reproduced in Fig. 43. All orientations are referred to an 
original plane of form {100}, the plane of the projection, and the assump- 
tion is made that there is no deviation from the reorientation produced 
exclusively by twinning. If this does not hold each point on the projec- 
tion might be replaced by a number of points in this general vicinity. 
A third sequence of working and annealing would be expected to produce 
a third generation of twins, making a grand total of 53 from a single 
individual. This process might continue indefinitely. 


Fic. 43.—STEREOGRAPHIC PROJECTION SHOWING NEW ORIENTATIONS PRODUCED 
IN A FACE-CENTERED CUBIC CRYSTAL BY TWINNING ALONG ALL POSSIBLE PLANES OF 
rorM {111} THROUGH THREE GENERATIONS. 

O = pole of (001) in the original crystal. 
= poles of corresponding planes in twins of the first generation. 
the poles in twins of the second generation. 
= the poles in twins of the third generation. 
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It is quite clear that these views give us a new point of departure for 
considering the effect of various mill schedules on the quality of the 
product. Thus, a cast material rolled to a certain gage and finished 
with one anneal would be less uniform and more directional in its proper- 
ties than the same material annealed several times during the process, 
although both might look very similar under the microscope. Or, a 
metal such as aluminum, which apparently fails to develop twin crystals, 
would be less uniform than a metal such as alpha brass, which twins 


freely, after comparable treatment. 
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DIsToRTION AT Twin BOUNDARIES 


A complete crystallographic description of any particular form of 
twinning is possible when the orientations of the crystal and its twin are 
known. Simple and clarifying assumptions may be made regarding 
the condition of the lattice in the zone of contact between crystal and 
twin but the impossibility of directly observing the change in position 
of the atoms during the operation of twinning and the lack of a method 
capable of revealing the crystal structure in any localized (bound- 
ary) region have left us dependent upon indirect methods of testing 
these assumptions. 

Preston‘? finds that planes of form {111} in the face-centered cubic 
metals and {211} in body-centered cubic metals permit twinning with 
the least amount of distortion and the most perfect continuity of struc- 
ture under the fundamental assumption that the components of the 
twin have in common at least one plane of atoms. Distortion in 
the sense that atom centers across the twinning plane come closer than 
the closest distance of approach of atoms in the primitive material would 
be entirely absent in this ideal form of face-centered cubic twinning, but 
would be present to a slight degree even in this most favorable form of 
body-centered cubic twinning. 

A possible form of distortion in the twinning of zine along planes of 
form {1012} was shown by Mathewson and Phillips‘* and Fig. 44 repre- 
sents the development of a similar plan involving an intersection between 
two conjugate bands. One of the planes of form {1012} is maintained 
in each twin and the twinning is supposed to occur by progressive slip 
together with a slight secondary adjustment, along the neighboring 
planes of this form. There does not appear to be any plane that would 
permit twinning without distortion in hexagonal close-packed metals 
even when the axial ratio corresponds to close packing of spheres. 

If both parts of the crystal move as a whole each time a layer is added 
to a simple twin band, the distortion may be confined very closely to 
the boundaries as shown in the original figure, but if a twin lamella 
merely bridges a gap between two parts of the same crystal‘? there must 
be a zone of distortion in which the horizontal rows of atoms at the right 
of the band rise to their natural level in the unaltered crystal. This 
condition is represented in Fig. 45. The very common tendency of 
twins in zinc, cadmium, and tin to taper probably represents a natural 
tendency to avoid abrupt transitions of structure and hence strongly 
localized distortions in any part of the material. An estimate of the 


‘7G, D. Preston: The Formation of Twin Metallic Crystals. Nature (1927) 119, 
600. 


*®C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zine. Proc. Inst. of Metals Div. A.I.M.E. (1927) 186. 


* Twins produced by local indentation, for example, 
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results which may be secured in this manner may be made by comparing 
Fig. 45 with Fig. 46. 

The examples already introduced leave little room for doubt that 
simple twinning within a crystal may generate twin boundaries either 


: 
e Fic. 45.—PoOSSIBLE ZONES OF Fic. 46.—GRADUATED DISTORTION 
SEVERE DISTORTION AT THE BOUN- AT THE BOUNDARIES OF A TAPERED 
DARIES OF AN INTERNAL TWIN BAND. INTERNAL TWIN BAND. 


free from strain or accompanied by strain varying greatly in amount 
and distribution according to the forms of crystal lattice and twinning 
plane and the configuration of the twinned area. 


I IG 47.- —W oRK >A A HA D Z ¢ ( —W RKED ) ANNEALED N 
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Small twins with unstrained boundaries often grow into large ones 
as 18 So commonly observed in the annealing of copper and Aiea we 
solutions. I can find no evidence that such a process occurs in the a : 
of twins with strained boundaries, although certain large twins Bf tne 
character may retain their original shape on annealing, as ee 
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Mathewson and Phillips in zine®® and McKeehan in iron.5! Commonly, 
small twins with strained boundaries fail to retain the banded structure 
and ultimately produce grains with irregularly shaped boundaries, as 
in Fig. 32 from Krivobok’s work on iron,® Fig. 47 representing worked 
and annealed zinc, and Fig. 48 representing worked and annealed tin. 
These facts give support to the fundamental assumption of a plane 


Fie. 49.—PROJECTION OF PART OF A FACE-CENTERED CUBIC Os, ee 
ALONG TWO PLANES OF FORM {111} WHICH MEET AT AN ANGLE OF 70 EN adtee 
OF THE PROJECTION PERPENDICULAR TO THE LINE OF INTERSECTION OF THESE 4 5. 
common to both components of a twin and the accompanying interpreta- 
tion of strain. nee " 

A close connection between twinning and recrystallization in ne 
and alpha brass was observed in the experiments of AP J) Phillip @ 
was shown that the narrow indelible markings (etch Bese eee ing 

a : ; ; ae 
Neumann bands in ferrite coalesce directly into twin bands of ordinary 


°C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zinc. Proc. Inst. Metals Div. A.I.M.E. (1927) 183. 

517, W. McKeehan: Op. cit. 

52.V_ N. Krivobok: Op. cit. 
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appearance. The frequent occurrence of new orientations (recrystalliza- 
tion) was undoubtedly due to a lack of perfect homogeneity within the 
bands as a whole. While no evidence could be adduced to prove the 
absence of distortions due to causes other than twinning, the obvious 
disturbance caused by the interpenetration of two sets of bands led to 
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rene 50.—PROJECTION OF PART OF A FACE-CENTERED CUBIC CRYSTAL TWINNED 
“ONG TWO PLANES OF FORM {111} WHICH MEET AT AN ANGLE OF 109° 28’. PLANE 
)F THE PROJECTION PERPENDICULAR TO THE LINE OF INTERSECTION OF THESE PLANES. 


the belief that such intersections were at least a principal source of the 
distortion which is responsible for recrystallization. 

I am indebted to my colleague, L. W. McKeehan, for the following 
analysis of the twin relationships in a face-centered cubic crystal. 

Fig. 49 is a projection of a portion of the crystal twinned along two 
planes of form {111} which make an angle of 70° 32’. The plane of the 
projection is perpendicular to the line of intersection of the two one 
position planes, shown at oa and 0b. Since oa and ob are planes of form 
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{ 111} their intersection is a line of form [110]. The plane of projection 
is therefore of the form {110}. The two different twins aoc and boc 
which were derived from the crystal aob, are mirror images of each piher 
in the plane oc, of form {441} and the closest distance of approach we 
atom centers, 61, is only 0.33 of the least distance before twinning. Fig 
50 is a similar projection in which the pairs of twinning planes make a 
angle of 109° 28’. In this case the new composition plane, oc, between 
the twins becomes of the form {411} and the closest Gates of approach 
of atom centers is 62, or 0.47 of the normal distance before twinning. 
Both cases, therefore, require a great amount of distortion, as was sus- 
pected from the experimental evidence. 


Fig. 51.—Two GENERATIONS OF TWINS IN A SINGLE BRASS CRYSTAL. 


From these considerations it is evident that the absence of distortion 
in the vicinity of the composition plane between a crystal and its twin 
does not imply a similar absence of distortion at the surfaces of contact 
between various twins formed primarily within the original crystal or 
secondarily within these twins of the first generation. 

The stereographic projection given in Fig. 43 exhibits the entire 
group of 53 orientations which may be formed by multiple internal 
twinning along planes of form {111} through three generations in a 
face-centered cubic crystal. 

Probably many of the possible combinations embraced in this pro- 
jection with great diversity in the amount of distortion at the bound- 
aries are encountered during the succession of cold working and annealing 
operations to which metals are frequently subjected. That twins of at 
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least two generations may be found together with a residue of the original 
erystal in a fully annealed product is proved by the examination made 
by A. J. Phillips® of the crystal shown in Fig. 51. Here, orig. or 0 is 
the original erystal, Twa and Twb are twins of the first generation and 
Twe is a twin of the second generation in Twa. 

It is believed that many and perhaps most of the new orientations 
formed during the recrystallization of these face-centered cubic metals 
are due to complex twinning resulting in strained boundaries which 
permit growth and readjustment in various forms. 


ComPARATIVE FUNCTIONS OF TWINNING AND SLIP IN THE GENERAL 
Process oF Puastic DEFORMATION 


Simple twinning, unaccompanied by slip, does not provide for any 
considerable change in the dimensions of a erystal and cannot account for 
the great amount of plasticity which is observed in the ordinary opera- 
tions of rolling, drawing, ete. The possibilities of twinning and slip in 
this respect are compared in Figs. 52 and 53. These sketches represent 
sections perpendicular to a twinning plane, ¢, and a slip plane, s, respect- 
ively. The initial thickness is represented by the vertical distance, d. 


MTG Oy =e. tala GaN Gal Snare Neniele. 5 f 5 
Fig. 52.—CHANGE IN THICKNESS BY TWINNING. ‘TWINNING PLANE PERPENDICULAR 
TO PLANE OF SECTION. 


Twinning across the entire section, as shown in Fig. 52, causes an 
equal angular displacement of the upper and lower surfaces of the crystal 
from the horizontal plane and changes the thickness to d’. There is. of 
course, a corresponding change in orientation. If 0 represents the angle 
between the twinning plane and the vertical plane and, similarly, 0’, the 
angle between the twinning plane and the plane perpencicniite a the 
crystal surfaces after twinning, the expression, 

d  cos® 
d’ eos 0" 
pives the ratio of thickness before and after twinning. 
se 9 and 0’ can be changed only by changing the initial 

In the case of simple slip, as shown in Fig. 53a, the surfaces of the 

crystal move out of the horizontal plane but acquire a stepped configura- 


°3 A. J. Phillips: Op. cit. 
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tion which approaches a plane surface as the number of slip planes con- 
tributing to the total displacement becomes infinite. In reality this 
number is limited by the finite distance between consecutive planes of the 
form under consideration. The ratio of thickness before and after the 
deformation, as in the case of twinning, is given by the expression 

d cos 0 


d’ cos 0’ r 


However, the angle 0’, in this case can be increased, as shown in 
Fig. 53b, by increasing the amount of slip. In this way, the thickness 
may be continually reduced as long as the slipping process can be made 
to operate. : 

Simple slip along one set of planes changes the plane of the surface 
without changing the orientation. Doubtless many movements of this 


Fig. 53.—CHANGE IN THICKNESS BY SLIP. SLIP PLANE PERPENDICULAR TO PLANE 
OF SECTION. 


sort take place during plastic deformation of an aggregate of crystals of 
Unless a principal component of stress remains 
parallel to the moving surface as simple slip proceeds, which would 
appear to require some special supporting or adjusting mechanism, the 
crystal must yield in another direction. This may bring into play 
another set of slip planes or a set of twinning planes if either are available, 
while in the absence of such favorable conditions progressive curvature 
of the slip planes, or certain localized lattice distortions, must occur as 
the movable surface is forced continually into line with the direction 


of stress. 
It was pointed out by Jeffries and Archer™ that the wedge-shaped 


fractures observed by Sykes in 1921°* in molybdenum wires were probably 


random orientation. 


. > 5 = Ff ot, 1 
S. Archer: Effect of Temperature, Pressure and Structure o1 


Chem. & Met. Eng. (1922) 27, 747. 
Deformation, Grain Size and Rate of Load- 


Trans. (1920) 64, 780. 


54 Zay Jeffries and R. 
Mechanical Properties of Metal. 

55 W. P. Sykes: Effect of Temperature, 
ing on Mechanical Properties of Metals. 
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produced by coéperative movements of the first kind, namely, slip along 
conjugate planes inclined 45° to the axis of the wire. 

Later Goucher®® in a series of three papers very carefully analyzed 
these wedge-shaped fractures through single crystals of tungsten and 
ascribed them to slip along conjugate planes of form {211} in the direc- 
tion [111]. Even in the case of the most symmetrical wedges, which 
would appear to favor slip in its simplest form, rather large amounts of 
distortion were observed, which in the words of the author “‘affected the 
inclination of the crystal planes in the direction of slip, but produced no 
marked change in the atomic spacings.’ This indicates that severe 
distortion which might be visualized as curvature of the slip planes in the 
above sense actually results in fragmentation, or disintegration of the 
erystal into small lattice units arranged on curved surfaces. 

Taylor and Elam*? working with aluminum, and later Elam** with 
other face-centered cubic metals and alloys, have described slip along 
single and conjugate planes of form {111} in single crystals of these 
materials with characteristic changes in orientation as the slip planes tend 
to reach a position of equilibrium in conformity with the loading condi- 
tions adopted. No particular theory of lattice distortion was favored 
by these authors. 

On the other hand, Polanyi, in a number of communications,*? 
vigorously asserts that cold working in general produces lattice distortion 
by a combined process of slip and bending (Biegegleitung) which was first 
observed in zine by Mark, Polanyi and Schmid.*° If only one set of slip 
planes can operate in the case of zine, tensile stress in the direction of the 
arrow in Fig. 53 must either distort the lattice (by Biegegleitung) or 
bring some form of compensatory movement into play. Mathewson and 
Phillips*' suggested that twinning across the slip planes might satisfy 


56. S. Goucher: On the Strength of Tungsten Single Crystals and Its Variation 
with Temperature. Phil. Mag. (1924) 48, 229. 

Studies on the Deformation of Tungsten Single Crystals Under Tensile Stress. 
Phil. Mag. (1924) 48, 800, 

Further Studies on the Deformation of Tungsten Single Crystals. Phil. Mag 
(1926) 2, 289. ; 
*G, I. Taylor and C. F. Elam: The Distortion of an Aluminum Crystal during a 
Pensile Test. Proc. Roy. Soc. (1922-8) 102A, 643; also The Plastic Extension and 
Fracture of Aluminum Crystals. Proc. Roy. Soc. (1925) 108A, 28. 

*$C. F. Elam: Tensile Tests of an Aluminum Zine Alloy. Proc. Roy. Soe. (1925) 
109A, 143; also Tensile Tests of Large Gold, Silver and Copper Crystals. Proc. Roy. 
Soc. (1926) 112A, 289 and Tensile Tests on Alloy Crystals. Proc. Roy. Soe. (1927) 
115A, 133 and (1927) 116A, 694. ; 

*’ Vor instance: Kristalldeformation und Verfestigung. Zeitsch. Metall (1925) 17 
94. 

°° H. Mark, M. Polanyi and E. Schmid: Op. cit. 

‘1 C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zine. Proc.. Inst. Metals Div. A.I.M.E.(1927) 144. 
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this condition. This has recently been denied by Wilson and Hoyt,® 
although possibly on insufficient grounds.® * 

Whatever the relative functions or interrelationship of slip and 
twinning in zine crystals under simple forms of static loading, there is no 
doubt that these two processes codperate and are mutually feceoeneeble 
in facilitating the plastic deformation of zine by ordinary methods of 
cold working. ae 

The first stage of rolling on a basal surfa e already described in some 
detail is especially significant in this respect. The reduction in thickness 
in this experiment (6.98 per cent.) corresponds almost exactly to the amount 
required by complete twinning along planes of form {1012} and very large 
portions of the specimen are found entifely converted to the twin orienta- 
tion. This corresponds to the condition shown in Fig. 52 requiring the 
twinned part of the crystal to develop surface planes inclined to the 
original surface and at once suggests that a forward portion of the speci- 
men tilts downward as it twins between the rolls and thereupon emerges 


® 


Fic. 54.—PYRAMIDAL TWINNING IN A ZINC CRYSTAL FOLLOWED BY BASAL SLIP IN 
TWIN LAMELLAE. ‘TWINNING AND SLIP PLANES PERPENDICULAR TO PLANE OF SECTION. 


at the proper angle to the material just entering the rolls. Other parts 
of the surface, however, have undoubtedly left the rolls in a horizontal 
plane in spite of twinning, a condition which seems to require slip accord- 
ing to some plan similar to the one shown™ in Fig. 54. The thickness 
measured in the vertical plane after twinning along (0112) planes and 
basal slip in the twinned material would be given by the expression, 
, ox 

ed £08 5008 (o’ —@)in which © = 42°, 56’,0’ = 47°, 4’ and @ the 
initial thickness, is taken as unity. This represents a reduction in the 
thickness of 7.21 per cent., which is a little more than the amount 
attained in the experiment. i 

The possibility of prismatic shp through residual lamellae of the 
original crystal is illustrated at p in the figure. This would introduce 
transverse strain, which might account for some of the twinning across 
such bands. Actual observations in rolling show that twinning does not 


62 T. A. Wilson and 8. L. Hoyt: X-ray Analysis of Plastic Deformation of Zine 


See p. 241. . 
63 Cf, discussion of Wilson and Hoyt’s paper by L. W. McKeehan. 
64 In order to simplify the discussion it is assumed that the twinning planes are 


perpendicular to the exposed: vertical section representing the direction of rolling in 


these experiments. 
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follow a single set of planes all the way through the specimen, as in Fig. 
54, but is distributed among two sets of conjugate planes, closely parallel 
to the principal shear components of stress, one of them brought into 
play by the action of the upper roll and the other by the lower roll. 
This condition is illustrated in Fig. 55. When the end of the specimen 
gets the full pinch of the rolls it is twinned from top to bottom as repre- 
sented in the shaded area of Fig. 55a. On further progress through the 
rolls twinning might spread out along the conjugate planes (0112) and 
(0112) without causing one triangular zone to invade the other, by 
pushing the end blocks along the (shaded) slip planes of form {0001} to 
generate new horizontal surfaces as shown in Fig. 55b. 

The symmetrical effect shown in these two sketches has not been 
observed. Irregularities, such as eccentric loading or variation in 
composition, soundness or crystalline perfection of the metal commonly 
alter the distribution of stress and give rise to variously complicated 
structures of the type shown in Fig. 55c. 

In case the thickness of the crystal is not reduced the full 6.98 per 
cent.,°° which corresponds to complete twinning from top to bottom, 
alternate lamellae of the original crystal and its twin will be found as in 
Fig. 55d. The conditions shown in Figs. 55c and 55d may be combined 
to yield the highly complicated condition shown in Fig. 55e. This is 
quite representative of the structures actually observed. 

As the crystal rolls out, twinning continues to feature the micro- 
structure of the product and there is clear evidence of slip on the polished 
sides of a specimen. It seems probable that both twinning and slip are 
vitally concerned in the process, the former offering a rational plan for a 
shifting of the orientation within the mass to meet the stress conditions 
encountered from time to time and the latter providing for most of the 
plastic thinning of the erystal. 

It is possible to imagine a unique combination of twinning and slip 
which would permit a succession of transformations from original erystal 
to twin and back to original crystal, with a reduction in thickness at 
each stage of the process. The central section of Fig. 56 shows the 
positions of the atoms in a twinned layer of a zine crystal with twinning 
plane perpendicular to the plane of the section. The change from 
original position to twin position of all atoms in the first four rows parallel 
to the row held in common by the crystal and its twin is indicated by 
arrows. For comparison a similar set of five rows free from these con- 
struction details is shown by dotted lines a short distance to the right. 
The five rows constitute a block bounded by two geometrically similar 
planes and the action in this block may be considered representative of 
the process as-a whole. It is believed that incipient or fractional slip 
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Fig. 56.—SIMPLE TWINNING AND A CONJECTURED RETURN TO THE ORIGINAL ORIENTATION WITH PROGRESSIVE REDUCTION IN 
THICKNESS. 'TWINNING PLANES PERPENDICULAR TO PLANE OF SECTION, 
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If now, we deform a similar block in the twin by lowering its forward 
wall far enough to complete a fractional slip of the above character and 
suitably readjust the atoms in the interior, the orientation of the original 
crystal will result with a very considerable reduction in thickness as 
shown in the right-hand section of the sketch. 

The first part of the process just described seems probable as it 
moves the atoms much less than would correspond to a full slip in any 
case and is quite in harmony with the recorded observations on twinning. 
On the other hand, there is no evidence that the last part of the process 
ever occurs. It is perhaps improbable on account of the very con- 
siderable relative displacements of the atoms. 

We have seen that twinning is capable of introducing strain and 
thereby supplying the incentive for recrystallization. From a crystal- 
lographic point of view this form of lattice reconstruction is more sys- 
tematic and less arbitrary and quite likely of more frequent occurrence 
than the other alterations in crystal structure involving distortion, such 
as rotation during slip around an axis perpendicular to the slip plane or 
around an axis lying in the slip plane (Biegegleitung), which have been 
observed under special conditions and are supposed to occur freely in 
the case of severe deformation. 


PostuLaTes CoNCERNING TWINNING IN RELATION TO THE PLASTIC 
DEFORMATION OF METALS 


1. When in the inhomogeneous deformation of a metal by slip com- 
bined with distortion, the atoms in certain zones reach positions more 
nearly approximating equilibrium positions in a possible twin than in 
the original crystal, twin lamellae will be formed with partial relief of 
stress and the residual distortion will be distributed in harmony with 
the geometrical requirements of each special case. 

2. By far the great majority of the metals are subject to structural 
alteration of this character. 

3. Under slowly applied loads there is a minimum occurrence of 
the continuous distortion from plane to plane required to initiate twin- 


owing to the tendency toward premature slip along “weak” 
n the concentration of impur- 


hich may affect the cohesion 


ning, 
planes of variable spacing depending upo 
ities or the operation of other factors w 


between planes. . 
4. Under impact loading a given small displacement is momentarily 


distributed among many planes, thus disturbing the equilibrium of large 
numbers of atoms and potentially favoring the formation of sizable 
twin bands. ie 
5. The distortion around simple twin bands wholly enclosed within 
the original crystal may be confined to the ends as distinguished from 
the parallel sides bounded by twinning planes and this brings about end 
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growth on annealing which may spread lone the sides. In other cases 
distortion may exist at the composition planes and bring about direct 
lateral growth. 

6. Both the quantity and the size of deformational twins are greatly 
affected by the kind of deformation and the purity of the metal. 

7. Distortion and thermal instability are especially pronounced in 
the vicinity of faults or direct intersections where twin bands enter into 
conflict with one another. 

8. One form of recrystallization is essentially orate sion produced 
by irregular and competitive growth of interstratified twin lamellae 
which are here termed crystallographic fragments in that they cannot be 
fitted ‘together without distortion in spite of their crystallographic 
relationship through the parent crystal. 

9. Recrystallization in the absence of twinning is a similar reaction 
between lamellae (fragments) formed by inhomogeneous distortion dur- 
ing slip, e. g., variable rotation of the slip planes. This leads to less 
pronounced changes in orientation from grain to grain than is effected 
by twinning. 

10. In conformity with the conception of recrystallization expressed 
in (8) and (9), diversity of orientation after a succession of deformational 
and annealing treatments is due to multiple internal twinning, rotation 
during slip or some combination of these two causes depending upon the 
nature of the metal, the initial orientation of the crystals, and the kind 
of deformation. 


Physical Characteristics of Commercial Copper-zine Alloys 


By W. H. Basserr* anp C. H. Davisf, WATERBURY, Conn. 


(Detroit Meeting, September, 1927) 


ALTHOUGH brasses and bronzes have been made for ages, a systematic 
study of their physical properties has been carried out only during the 
years of the present century. Among these properties may be included 
those which are to be detected by means of microscopic examination; in 
other words by the science of metallography. 

The earlier workers in this field, both in this country and abroad, 
gave their attention to steel. When the senior author explored the 
situation in 1902, there was little encouragement to be found in under- 
taking the study of the non-ferrous alloys. A start was made, and the 
metallography of the brasses and bronzes, as well as of the copper-nickel- 
zinc alloys developed materially under his direction. Annealing experi- 
ments were begun in 1902, and in the succeeding years the effect of 
temperature, and the influence of previous working, on the grain size of 
brass were studied. The conclusions so well known and widely published 
today were largely reached during those earlier years. In 1905 the first 
complete annealing series were made. By this it is meant that brass and 
copper sheet, 5 B & S Nos. hard, was machined into tensile test speci- 
mens, then annealed under accurate control for 30 min. at temperatures up 
to the melting point of the material. Various determinations were made, 
including tensile strength and elongation in 2 in. 

There rapidly followed similar series on all of the copper-zine alloys 
from 100 to 60 per cent. copper, on the bronzes, cupronickels, and on 
copper-zine-nickel alloys. At this point there was published by Grard, 
in October, 1909,! the very comprehensive and complete work on the 
tensile properties of cartridge brass, 90-10 copper-zine, and electrolytic 
copper. The excellent photomicrographs in that paper illustrated the 
changes in structure produced by cold rolling as well as by annealing at 
different temperatures, but where Grard’s work was confined to copper 
and to two alloys, the investigations in this laboratory have been over the 
entire fields of the commercial copper-zince alloys, copper-tin alloys, 
representative copper-nickel and copper-nickel-zine alloys as well as 
aluminum bronzes and others of a more special nature. 


* Technical superintendent and metallurgist, The American Brass Co. 
} Assistant metallurgist, The American Brass Co. i ; 
1L. Grard: Laiton 4 Cartouches. Laiton 3, Balles. Cuivre Electrolytique. 
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The data and plots given in this paper are arranged to constitute a 
summary, enabling one at a glance to see the physical properties of the 
copper-zine alloys to 62 per cent. copper. The data employed in making 
these plots are concise but are of so great a volume that they are not 
published in detail. The characteristics shown are tensile properties, 
hardness and grain size, both in picture and in numerical values. 

Valuable data on brasses and bronzes have been published. Guillet, 
in 1914,2 gave the results of an investigation of the tensile properties of 
cold-rolled and hot-rolled brasses 100 to 56 per cent.copper. Thestudies 
were limited, however, to simple treatments, whereas it is now proposed 
to show the characteristics of brass after various reductions by cold 
working, as well as of brass annealed over a wide range of temperatures. 
Furthermore, the treatment will be that given on a commercial scale 
rather than that limited, as in the case of Guillet, to small laboratory 
castings. The work of Mallet,* Thurston,* Charpy,’ and Bancroft and 
Lohr® was not as comprehensive as the work of Guillet and that of Grard. 
The more recent investigations on the copper-zinc system and the physical 
characteristics of the alloys from 100 to 60 per cent. copper have been 
published through the medium of scientific societies and journals. 

The knowledge gained by the study of the characteristics of the 
alloys led to a facility in interpreting the causes of failure in the working 
of metals as well as in recommending materials for various uses, espe- 
cially for engineering purposes. Still more it showed the necessity of a 
close control of the purity of the raw materials entering in the alloys; 
consequently the studies were extended to cover all of the important 
brands of copper, nickel and zine then available. Twenty-six brands of 
copper and about 35 of zinc were most carefully and completely analyzed 
during the years 1912 to 1914. A large quartz spectrograph, the first, 
we believe, to have been used in this connection, was employed in fur- 
thering the discoveries of the impurities in the raw material. Complete 
tests were conducted to ascertain the physical characteristics of all of 
these coppers, having in mind the effect of such impurities on the quality 
of the alloys into which the copper would go. 

All through these years tensile-strength data were assembled, and the 
resistance of the alloys to fatigue, to alternate bending, to friction, and 
to corrosion was studied. Some of the results have been published. 


?M.L. Guillet: Nouvelles Recherches sur les Alliages de Cuivre et de Zine. Revue 
de Métallurgie (1914) 11, 1094. 

*R. Mallet: On the Physical Properties and Electro-chemical and other Relations 
of the Alloys of Copper with Tin and Zine. Phit. Mag. (1842) 21, 68. 

*R. H. Thurston: Materials of Engineering, Pt. 3. John Wiley & Sons. 

*M. G. Charpy: Recherches sur les Alliages de Cuivre et de Zinc. Bull. de la 
Société d’Encouragement pour l’Industrie Nationale (1896) 1, 180. 

‘W. D. Bancroft and J. M. Lohr: The Tensile Strengths of the Copper-zine 
Alloys. 8th Intl. Congress of Applied Chemistry (1912) 2, Sec. 2, 9. 
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PHYSICAL CHARACTERISTICS OF COPPER 


To illustrate the difference in copper from different sources and con- 
taining different impurities, Fig. 1 has been prepared. This shows the 
result of annealing strips 0.050 in. thick rolled 10 B & S Nos. hard from 
a pure electrolytic copper and a high-grade lake copper containing 25.3 
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Fig. 1.—ComMPpaRISON OF A LAKE AND AN ELECTROLYTIC COPPER. TENSILE 
STRENGTH, ELONGATION AND GRAIN SIZE OF 0.050-IN. SHEET, 10 B & S Nos. HARD, 
ANNEALED AS NOTED. 


oz. of silver per ton. The lake behaves like an alloy while the electrolytic 
maintains the characteristics of pure copper. The rapid change, due to 
annealing, begins at 200° C. for the purer metal and at about 350° C. for 
the argentiferous copper. The grain size of the pure copper after recrys- 


Taste 1.— Analyses of Copper 


Electrolytic, Lake, 
Per Cent. Per Cent. 
GBpPerse tide eh. toed es onesies LAE 99.9565 99.8762 
Si Ver MES eer atatag aalee mers 0.0005 0.0868 Oz. per ton 25.34 
INGESTING reve Ors occu ce Ce eOkNe ERIE an 0.0025 0.0020 
INR SIUNOMN, ca cadds come dont BBUD OE EE 0.0011 0.0026 
lial. q cose ewe we AP ORRe Oe aoe eer 0.0007 0.0003 
0. 


0006 0.0020 


Conductivity annealed........-.---- 100.54 99.82 


58 PHYSICAL CHARACTERISTICS OF COMMERCIAL COPPER-ZINC ALLOYS 


tallization changes very slowly with increasing temperature up to about 
800° C., when the small crystals suddenly coalesce into very large irregu- 
lar ones. This temperature corresponds roughly with a change in 
direction of the elongation curve. This is characteristic of pure copper. 

The lake copper gradually increases in grain size with increasing 
temperature, following in a general way the grain growth observed in 
copper-zine and other copper alloys. The strength curve remains flat 
after the rapid change, as is general with copper, and the elongation 
curve about 700° C. falls similarly to that of pure copper, but not 
as rapidly. 


PuysicAL PROPERTIES OF BRASS 


The copper-zine alloys, as is well known, vary in color from that of 
copper through the reddish bronzes to the bright yellow of the 66-34 
copper-zine mixture. Just below this point, however, there is a change 
in color not always appreciated. The beta 
constituent, which is reddish in color, causes 
an increasing reddening of the metal as the 
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pure beta region is approached. With the 
appearance of the gamma phase, at about 50 
per-cent. copper, the alloys become gray, and 
are white at the pure gamma area (40 per 


Density in Grams per cubse cent 


cent. to 31 per cent. copper). 

The specific gravity of the alloys de- 
creases at a constant rate, as shown by Fig. 
2.7 The test specimens for the specific- 
gravity determinations were those prepared 
under the direction of the authors, as were 
those used for the thermal expansion investigation conducted at the 
Bureau of Standards.” The relations between the instantaneous coeffi- 
cient of expansion and the copper content of the alloys is shown in Fig. 3. 
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Fig. 2.—RELATION BETWEEN 
DENSITY AND COPPER CONTENT 
OF COLD-ROLLED COPPER-ZINC 
ALLOYS. (Bur. Srps. Sci. Paper 
410.) 


TENSILE TESTS 


The tensile strength and the percentage elongation in 2 in. of the 
copper-zine alloys from 100 to 62 per cent. copper are shown in Figs. 4 
and 5. The data are upon metal commercially prepared, cold rolled, 
with a reduction of 44 per cent. (approximately 5 B & S Nos. hard) 
and upon similar specimens milled to the final shape before annealing to 
temperatures from 200° to 850° C., or higher. 

Copper and 11 alloys were employed in gathering the data for these 
two plots. The points are taken from smoothly drawn curves of the 


7 Pp Hidnert: itecn Exnaneion of Copper and Some of Its Important Industrial 
Alloys. Bur. Standards Scientific Paper No. 410. 
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several alloys, such as those shown for the 75-25 ecopper-zine Ml Fig. 
6. The practice throughout has been to anneal the machined test speci- 
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Fig. 3.—RELATION BETWEEN INSTANTANEOUS COEFFICIENTS OF EXPANSION AND COP- 
PER CONTENT OF COLD-ROLLED COPPER-ZINC ALLOYS. (Bur. Srps. Sci. Paper 410.) 


mens and keep a careful pyrometric control for a period of 30 min. at 
temperature, the metal being well protected from oxidation. The speci- 
mens, with.their covering, were quenched in tap water; consequently, 
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Fic. 4 —TENSILE STRENGTH OF COPPER-ZINC ALLOYS. SHEET, COLD-ROLLED 5B&S 
Nos. HARD, AND ANNEALED 30 MIN. AT TEMPERATURES NOTED. 


not being in complete equilibrium, most of the specimens from 62 to 67 
per cent. copper contained more or less beta, especially those quenched 


from the higher temperatures. 
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To be noted in particular are the maximum tensile strength and 
elongation in those alloys having approximately 72 to 75 per cent. copper. 


Elongation in 2 in,, per cent. 
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Fig. 5.—PERCENTAGE ELONGATION IN 2 IN. OF COPPER-ZINC ALLOYS. SHEET, COLD- 
ROLLED 5 B & S Nos. HARD AND ANNEALED 30 MIN. AT TEMPERATURES NOTED. 


Again, it will be noted that the elongation of the alloys from 85 to 95 
per cent copper is much lower than that of the alloys from 65 to 68 per 
cent. copper. Finally, the reversal of the tensile-strength curve of the 
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Fia. 6.—ANNBEALING SERIES ON 0,040-IN. SHEBT BRASS, COPPER 75.43 PER CENT. 


TrEsT SPECIMENS, 6 B & 8 Nos. HARD, WERE ANNEALED 30 MIN. AT TEMPERATURES 
NOTED AND QUENCHED. 


alloys 67 to 62 per cent. copper may be correlated with the position of 
the alpha-alpha + beta phase boundary of the copper-zine equilibrium 
diagram. Attention is directed to succeeding figures which show maxi- 
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mum hardness and resistance to fracture by bending in the 75 per cent. 
copper region, and reversals with the introduction of the beta phase. 


TABLE 2.—Analyses of Sheet Metal Used for Tensile Strength and Per Cent- 
age Elongation Determinations 


No. Copper + Silver 
1 Per Cent. 99.958 
Copper Zine Lead Tron 
Per Cent. Per Cent. Per Cent. Per Cent. 
2 96.83 3.15 0.01 0.01 
3 94.83 5.12 .03 .02 
4 90.47 9.49 01 03 
5 85.60 14.35 01 04 
6 80.80 19.14 .04 .02 
7 75.43 24.41 12 .04 
8 72.47 27.47 .02 04 
9 70.14 29.77 .06 .03 
10 67.13 32.83 .02 .02 
ig 65.02 34.80 15) .03 
12 62.37 37.39 .21 .03 
A ee ee ee ee 


ALTERNATE BENDING TESTS 


The Landgraf-Turner alternating bending machine is one especially 
designed and constructed to carry out the Arnold test.° The test is 
really that of alternate bending beyond the yield point, and the impact of 
the rocker arm has practically no effect upon the number of cycles required 
for rupture. The test was conducted by clamping the specimen tightly 
at the lower end between grooved 1-in. blocks. A rocker arm, having a 
radius equal to the free length of the test piece, struck the specimen at a 
point 4 in. above the top of the die block. The rods were bent alter- 
nately 3g in. on each side of the vertical position at the rate of 293 . 
alternations per minute. These were recorded by a Veeder counter, 
which stopped registering when the test piece broke. The specimens 
were all 3¢ in. in diameter, and, in preparation for the tests plotted in 
Fig. 7, were cold drawn from 0.425 to 0.375 in. after a commercial anneal. 
Six samples of each alloy, 8 in. long, were annealed for 30 min. at tempera- 
tures from 200° to 1000° C., or as high as their melting point permitted. 
The annealed rods were pickled to remove oxides, and were then tested. 

It will be seen that this test would have little value as a means of 
controlling the quality of material purchased in any but this 3¢-in. size; 
having demonstrated the relative endurance of the copper- 


onsequentl 
; : re work has been done, nor has it 


zine alloys under this test, no further 


8 J. B. Kommers: Repeated Stress Testing—I. An Investigation of a Commercial 
Endurance Test. Intl. Assoc. Test. Mat. Proc. (1912) 2, Pt. 2, Paper V, 4a. 
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been deemed essential to our understanding of the physical characteris- 
tics of the brasses. The curves in Fig. 7, as has been pointed out, have 
a striking relation to those of percentage elongation in 2 in. The maxi- 
mum endurance in general is in the region of 70 per cent. copper, although 
at anneals from 450°'to 650° C. there is a tendency for the maximum to 
move towards the region of lower copper content. The influence of the 
beta phase is further shown by the reversals in the relative positions of 
the plotted points from 65 to 61 per cent. copper. In the region of 90 
to 97 per cent. copper there is an unexpected rise in the endurance of the 
specimens annealed at 1000° C., possibly due to an excessive loss of zinc 
at the surface while at that temperature. . 
The analyses of the rods used for the tests are given in Table 3. 


TaBLE 3.—Analyses of Rods Used in Alternate Bending Tests 


Ne: Copper—Conductivity, 100.8; assay, 99.951 

Copper Zine | Lead Tron 

Per Cent. Per Cent. | Per Cent. Per Cent. 

2 96.58 3.37 0.00 0.05 
3 94.99 4.99 0.01 0.01 
4 89.93 10.02 0.01 0.04 
5 85.08 14.87 0.02 0.03 
6 80.21 LOE fal 0.03 0.05 
7 75.10 24.85 0.02 0.03 
8 72.19 | 27.76 0.03 0.02 
9 70.16 29.81 0.01 0.02 
10 67.53 | 32.43 0.02 0.02 
11 66.58 | 33.22 0.17 0.03 
12 65.12 34.70 ORLG 0.02 
13 62.77 36.99 0.21 0.03 
14 60.69 39.27 0.02 0.02 


Harpness Tests 


Since the introduction of the hardness testing instruments, such as 
the Shore scleroscope, the Brinell, and the Rockwell tester, all have been 
used for mill and laboratory control of material. The authors, and 
others, have in several instances published data on hardness tests of the 
copper-zine alloys®:!° and have shown the relation of hardness to grain 
size produced by annealing.'! New data have been assembled in Fig. 8 
to show the increase in the hardness of the alloys as the copper content 
‘is lowered and as the reduction by cold rolling is increased. The dotted 


°C. H. Davis: Testing of Sheet Brass. Proc. A. S. T. M. (1917) 17, Pt. 2, 165. 

10 Hf, N. Van Deusen, L. I. Shaw and C. H. Davis: Physical Properties and 
Methods of Tests for Sheet Brass. A.S. T. M. (1927) June Preprint No. 82. 

11 W. H. Bassett and C. H. Davis: A Comparison of Grain-size Measurements and 


Brinell Hardness of Cartridge Brass. Trans. (1919) 60, 428. 
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line marked “Annealed” shows, for instance, the approximate hardness 
of commercially annealed brasses. The curves above show in general 
the commercial hardness of these alloys after rolling from 1 B & S No. 
(10.9 per cent. reduction) to 10 B & S Nos. (68.7 per cent. reduction). 
These curves are assembled from specific data on metal annealed approxi- 
mately at 600° C., then rolled. 

The actual range of hardness for these several reductions is, however, 
quite wide, for it is greatly influenced by the anneal given to the metal 
before rolling. Consequently, rather wide limits must be allowed, 
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Fig. 8.—RocKWELL HARDNESS B 14.6, 100 KG. ON COMMERCIALLY ANNEALED 
AND ROLLED COPPER-ZINC ALLOYS. 'THE PRECISE VALUES DEPEND ON THE PREVIOUS 
ANNEALING TREATMENT. 


above and below the lines drawn, to include metal having the reductions 
shown but having other treatment previous to rolling. In a discussion 
of Fig. 12, these qualifying factors will again be pointed out. Rockwell 
hardness tests on annealed sheet metal are shown in Fig. 9, but in this 
case the 60-kg. load with 14¢-in. ball has been employed, for it has 
been found that the 100-kg. load is too great for the entire field of 
annealed material. 

The maximum point in the hardness curves, both in the cold-rolled 
and annealed brasses, is at about 75 per cent copper. The rapid increase 
in the hardness oi the anneald specimens from 68 to 62 per cent. copper 
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is due to a presence of the beta constituent, especially in the anneals 
from 650 to 850° C. The material used for the tests plotted in Fig. 9 
was all in the form of sheet metal 0.040 in. thick, cold rolled 5 B & 8 Nos. 
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Fic. 9.—RocKWELL HARDNESS B 46, 60 KG. OF COPPER-ZINC ALLOYS ANNEALED 
30 MIN. AT TEMPERATURES NOTED. SHEET METAL 6 B & S NOS. HARD PREVIOUS 
TO ANNEALING. 


hard (44 per cent. reduction) before annealing. Any change in the rolling 
of the material would have an effect on the ultimate hardness similar to 
that shown in the paper on grain-size measurements and Brinell hardness." 


SrrucTURE AND GRAIN SIZE 


In connection with the determinations of the physical characteristics 
of the copper-zine alloys, photomicrographs have been made of all speci- 
mens. In order to visualize the changes which take place in the structure 
during the heat treatment of alloys from 100 to 40 per cent. copper, the 
photomicrographs on the annealing series have been mounted in 
the form of the equilibrium diagram as known in 1918. Since then the 
phase boundary lines have been corrected!’ but commercially prepared 
material, not in complete equilibrium, more closely follows the older 
diagram. In Fig. 10, shown at reduced size, are a large number of 
squares. These in the original are 2 in. on a side and were magnified 75 
dia. The single top row above the liquidus shows the structure of com- 
mercially cast bars. The bottom row from 100 to 60 per cent. copper 
shows the structure after mill treatment by cold rolling and annealing of 


12 See footnote 11. _ 
13M. L. V. Gayler: On the Constitution of the Copper-zine Alloys Containing 


45-65 Per Cent. Copper. Jnl. Inst. Metals (1925) 34, 235. 
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ANNEALED STRUCTURES OF ALLOYS OF THE COPPER-ZINC SYSTEM (100 TO 39 PER CENT. 
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metal finished with a 44 per cent. reduction (5 B & S Nos. hard). It 
was from such material that the annealing series was made. 

The annealing series on pure copper is shown in the single column at 
the left, while the alloys are shown in the body of the diagram at tempera- 
tures from 300° C. to the solidus line. Along the alpha — alpha + beta 
phase boundary will be noted the separation of beta at the boundaries of 
the alpha grains; for instance, on the alloy 67 per cent. copper at 850° C. 
anneal. The pure beta phase is represented as being sharply defined. 
It will be found to shade off into the alpha + beta region on the left and 
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Fia. 11.—GRaiIn sizk OF COPPER-ZINC ALLOYS PRODUCED BY 30 MIN. ANNEALING OF 
COLD-ROLLED SHEET 5 B & S Nos. HARD. 


into the gamma on the right. The beta crystal form predominates over 
both the alpha and gamma wherever either of these two exist with the 
beta in castings. 

It will be seen that the grain size increases with the temperature, but 
not at the same rate in all alloys. The diameter of average grain of oon 
of these 2-in. squares has been determined by Jeffries’ method and 
plotted in Fig. 11. The phase boundaries are after Gayler!4 and (Conder 
and Bailey." From a comparison of Fig. 9, showing Rockwell hardness 
and Fig. 11, showing grain size, it will be seen that there is a deAnite 
relation between grain size and hardness for all of the alloys, but that it is 


14 See footnote 13. 


15 R. Genders and G. L. Bailey: The Alph: : 
yas Alpha-phase B § y i 
System. Jnl. Inst. Metals (1925) 33, 213. ; Oe incite pppporzine 
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different in every case. Similar relations will be found between grain 
size, Brinell and scleroscope hardness. !6 

In summary, the structures shown in the body of the diagram are 
those to be expected following a 30-min. anneal at the temperatures 
given, on commercially prepared material 5 B & S Nos. hard. The time 
and temperature of annealing, the hardness and grain size of the cold- 
rolled metal before annealing, will all have a'n effect upon the ultimate 
grain size of the alloys. For discussions of the conditions affecting the 
grain growth of brasses we would refer to papers by Smith,!7 Upthegrove 
and Harbert,!8 Phillips and Gerner,!® Mathewson and Phillips,2° and 
the authors.!® 

The grain size of brass is a condition and a property which is to be 
faced squarely by all concerned with the drawing and working of the 
sheet metal. It is recognized that high brass (65 to 67 per cent. copper) 
will draw more deeply when strongly annealed, for instance to 750° C., 
but the grain is so large at this temperature that when drawn the articles 
usually present a rough or “‘orange peel”’ surface. A lighter anneal, for 
instance 600° to 650° C., will allow the metal to be drawn almost as deeply 
and, at the same time, give a fairly smooth surface. For extra fine 
finishing, where it is desired to spend little or no work in grinding and 
polishing, the lighter anneals are to be desired, namely from 425° to 550° 
GC. Such an anneal is also recommended for the drawing of small articles, 
such as eyelets. 

Certain impurities, iron for instance, have a decided effect in lowering 
the size of grain and in increasing the hardness. 


EssENTIALS OF A SPECIFICATION FOR SHEET BRASS 


The -tensile-strength determination, after years of study of other 
methods, remains the fundamental and reference test forsheet brass. No 
other method of examination of material has been found sufficiently 
uniform in the results obtained by various laboratories to enable it to 
replace the tensile-strength determination; yet, on account of the cost 
and time necessary for the preparation of tensile specimens, ordinary 
stock and mill control has been based upon hardness tests, such as the 
Brinell, scleroscope and Rockwell determinations. To show the ductility 


16 See footnote 11. 
17F. G. Smith: Grain Growth in Alpha Brass. Trans. (1920) 64, 159. 


18 C, Upthegrove and W. G. Harbert: Physical Properties of Cartridge Brass. 
Trans. (1923) 68, 725. 

19 A, Phillips and G. Gerner: Notes on th 
ciated with the Anneal of Cold-worked Alpha Brass. 
622. 

20 CG. H. Mathewson and A. Phillips: The Recrysta 
Brass on Annealing. Trans. (1916) 54, 608. 


e Influence of Certain Variables Asso- 
Chem. & Met. Eng. (1919) 20, 


llization of Cold-worked Alpha 
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of the sheet metal, the cupping test has been used to supplement the 
determination of the percentage elongation. On thin metal, especially, 
the hardness tests alone are inadequate. The microscope may indeed be 
used to ascertain the hardness or the grain size of the specimens but 
laboratory practice in making microscopic examinations so often varies 
that it is desirable to keep in a specification the approximate tensile- 
strength limits desired. A complete discussion of the problem was pre- 
sented at the A. S. T. M. meeting in June, 1927.” 

The question is widely raised as to why the wide limits, allowed in 
many specifications, must be maintained. There is an unavoidable 
yariation to be expected in rolling and annealing on a commercial scale. 
The hardness of the finished cold-rolled brass depends on the exact 
reduction from the previous gage, and also on the grain size of the last 
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Fig. 12.—BRAsS ANNEALING AND ROLLING SERIES, COPPER 67.13 PER CENT., SHOWING 
EFFECT ON TENSILE PROPERTIES OF THE ANNEAL PREVIOUS TO FINAL ROLLING. 


anneal. The variations often tend to neutralize one another, but if they 
happen to be all positive or all negative the influence on the final hardness 
is marked. In annealing, although a careful control is maintained, the 
grain size will depend on the alloy and on the previous grain size, the 
amount of reduction by rolling, and the time and temperature of anneal- 
ing. Hence it will be seen that in handling large quantities of metal 
slight variations in the practice will greatly affect the final hardness or 
grain size of the brass. In order to illustrate the effect of the last anneal 
(i. e., the one previous to rolling), on the tensile strength and elongation 
of cold-rolled brass containing 67.13 per cent. copper, Fig. 12 is presented. 
Here the tensile strength of the cold-rolled metal, which received a 350° C, 
anneal before rolling, is decidedly greater than that of the metal rolled 
following a 450° C. anneal. With higher anneals previous to rolling 
the tensile strength becomes even lower. The percentage elongation, 


on the other hand, is higher in the case of the specimens with the higher 
previous anneal. 


21 See footnote 10. 
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In order to make a fair specification for such cold-rolled material, the 
use to which the metal is to be put must be taken into consideration. 
Generally speaking, the annealing of brass before final rolling is between 
450° and 750° C.; hence, for a given reduction by rolling, tensile tests 
should fall near, or between, the 450° and 750° C. lines. Fig. 12 shows 
this relation in the case of one brass only (copper 67.13 per cent.). Each 
alloy must have its own set of physical-test data from which a specifica- 
tion may then be reasonably prepared. It would be expected that the 
average tests on mill stock would follow rather closely a median line, 
but that many isolated tests would approach the upper or the lower 
boundary lines of the specification. For high brass, such a specification 
with tensile strength and Rockwell limits has been published jointly with 
others.2?. The standard test procedure is given in appendices 1 and 2 
of the same paper. 

It has been one of the purposes of this paper to recount the growth 
of the metallography and methods of test of sheet brass in such a way as to 
promote a wider knowledge of the subject, and to assist in the preparation 
of reasonable materials specifications. 


DISCUSSION 


C. H. Davis.—This paper covers in outline approximately 25 years’ work of the 
senior author with his associates on brass and other non-ferrous alloys in that general 
field, and on the raw materials entering into those alloys. Although copper alone is 
discussed here, zinc, nickel and other metals were studied. 

This brief summary is a compilation of the data on brass most essential to the 
. engineer. Few commercial values are given but plots are arranged in such a way 
that they may be made of good use, we hope, by engineers. The only material from 
other sources are Figs. 2 and 3. These were taken from the Bureau of Standards 
investigation on brass rods prepared under the direction of our laboratory. 


W. K. Wesster, Bridgeport, Conn.—The metal-using industries in general and 
this society in particular are to be congratulated that the authors of this paper should 
have released for publication such a comprehensive assemblage of valuable data. 
Properly interpreted they furnish the solution for many of the problems encountered - 
in the application of cold-working processes to the entire useful range of copper-zine 
alloys. Any invidious criticism ought therefore to be avoided. 

It is felt, however, that much added value would have resulted if tables of numer- 
ical values of many of the observations had been supplied, as the small scale to which 
the curves have been plotted permits too large a margin of error in many instances. It 
is particularly to be regretted that values for the contraction of area have been entirely 
omitted because, as I have previously pointed out, this property provides a better 
measure of the ability of a material to withstand cold-working processes than any 
other. 

Attention might well be called on page 69 to the well known phenomenon of dif- 
ferential grain growth due to an annealing operation following an insufficiently severe 
cold working, since because of the existence of such a situation the annealing practice 


22 See footnote 10. 
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recommended will still produce a rough surface which can only be avoided by increas- 
ing the severity of the previous cold working. 

The reference to the necessity for what may seem to be unduly wide tolerances is 
of timely importance, particularly with respect to the effect of concurrent variations 
of causative factors. 

The dissemination of information of this character will also be useful in preventing 
the imposition of unnecessary or impossible requirements in specifications. Several 
years ago, during the period when every power engineer with a reputation to sustain 
felt it incumbent upon himself to add something to the restrictions surrounding the 
manufacture of condenser tubes, one engineer promulgated a curve the purpose of 
which was to define the permissible ratio of the maximum to the average dimensions of 
the crystals comprising the structure of an acceptable tube. According to this curve 
the maximum permitted ratio was constant for a certain part of the range of sizes 
allowed and thereafter varied as some function, perhaps a transcendental one, of the 
size. Investigation showed that ratios twice those permitted represented reasonable 
though somewhat restrictive values. The publication of such authoritative data 
as this paper contains will do much to prevent occurrences of this character. 

The data presented show the extreme sensitiveness of the various brass alloys to 
variations in the treatments which are employed in that fabrication. 

It is a source of particular regret that the structural diagram was of necessity 
reduced to such a small scale. Having been privileged to see the original I can 
testify both to its beauty as a piece of workmanship and the inadequacy of the repro- 
duction. I should also like to express the hope that the authors will at some future 
date publish a full-scale reproduction of this diagram. 

I feel that I cannot let this occasion pass without a tribute of respect for and 
admiration of the old-time brass makers and the consummate skill with which they 
carried on a difficult art with nothing but rule of thumb methods for their guidance 
and yet were able to secure such very excellent material as on the whole they did. 


P. D. Mrerica, New York, N. Y.—The author pointed out the fact that the elonga- 
tion in this series of alloys increases with the zine content together with simultaneous 
increase in the tensile strength. 

I should like to ask whether the reduction of area also increases as the zine content 
increases and to the same maximum? 


W. H. Basserr.—lit is probably true that the reduction in area does increase as 
the zinc content increases to the same maximum and follows the elongation. Most 
of the data given were obtained from testing thin strips and the reduction in area is 
very difficult and rather uncertain under such conditions. For determining reduction 
in area it is usual to use fair-sized round rods. 


D. K. Orampron, Waterbury, Conn.—In alloys of approximately 70 to 75 per cent. 
copper there is a better combination of strength and high ductility than is found in 
the alloys of about 65 or 68 per cent. copper, which are very largely used. This is 
unquestionably true. 

I think the authors used quenched specimens instead of slowly cooled, and I 
believe if slowly cooled specimens had been used the same phenomenon would have 
been found but I do not think it would have been as great as is here shown. I would 
like to ask the authors what their experience has been in that line. 

Referring to Fig. 10, which is a composite photomicrograph following the equilib- 
rium diagram, I would like to say that in my opinion this is a very remarkable piece of 
work. Anybody who has ever tried to make a composite diagram of this kind by 
fitting pieces together so that they will make a good-looking picture and at the same 
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time show structural changes will know it must have required a large amount. of 
very careful work. 


W. H. Basserr.—lt is probably true that after the appearance of the beta phase 
quenching does make a difference, but with pure alpha material, so far as we know, 
there is no difference in physical properties due to quenching. If in the region of the 
first appearance of the beta phase, slow cooling is resorted to, the beta may revert to 
alpha, but in mill work the cooling is not usually sufficiently slow to allow much 
change from beta to alpha to take place. Conseqtently we feel that quenched 
specimens in the laboratory more nearly duplicate what happens in the mill. 


W. K. Wesster.—In this connection, the old brass maker did not know anything 
about alpha or beta crystals, but it was a very unhealthy activity for anyone to throw 
a pail of cold water on a pan of hot brass. 


Nickel and Monel Metal, with Especial Reference to 


Annealing 


By C. A. Crawrorp,* New York, N. Y. 


(Detroit Meeting, September, 


1927) 


Nicket and the nickel-copper alloy, the latter generally referred to as 
monel metal, are available in a variety of wrought and fabricated forms, 
of which the following are regular commercial products: 


Form 


Monel Metal 


Pure Nickel 


Hot-rolled; round, hexagon, 
square, and flat shapes 


| Cold drawn; round, hexagon, 


square, and flat shapes 


| Hot-rolled wire rod 


Cold-drawn wire rod 


Same as monel metal 


Hot-rolled 


| Same as monel metal 


| Hot-rolled annealed 


Hot-rolled annealed, pickled 
Full-finished 


side 


Full-finished, No. 4 grind one 


side 


| Cold-rolled (annealed) 
| Cold-rolled, No. 5 polished 


finish 


_Same as monel metal 


| Full-finished, No. 3 grind one 


Cup ee, 


Hot-rolled (flat rods) 
Cold-rolled (annealed) 
Cold-rolled (unannealed) 


Same as monel metal 


Gas-welded tube 


Seamless tube 
Seamless tube in I. P. S. 


HOUR See | Bolts, rivets Same as monel metal 
Nuts and washers | 
7 Forging to order 
Castings............ Sand castings _Same as monel metal 
Centrifugal castings 
Electrolytic... Conon Cathodes of high purity 
INNES oan 6 bacco at 


| Cast anodes 
| Rolled anodes 


Shot and block for) 
melting. 


25 to 50-lb. pigs 
Shot 


5, 25 and 50-lb. pigs 
‘Shot 


* Development and research department, The International Nickel Co. 
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In an appendix will be found additional details concerning sizes, 
tolerances, finishes, tempers, applications, etc., of the different groups of 
wrought products tabulated above. 


Chemical Composition 


Malleable nickel is produced in a series of grades—A, D, E, and F. 
Grade A nickel is a low-carbon, pure, malleable nickel. Grade D is a 
high-manganese nickel alloy containing 4.25 to 5.0 per cent. manganese. 
Grades E and F are intermediate grades of low-manganese nickel contain- 
ing 1.75 to 3.0 per cent. manganese. 

For melting nickel is produced as shot or blocks in grades F, X and 
XX. Grade F is primarily intended for the manufacture of nickel cast 
iron. Grade F nickel is of lower melting point, obtained by alloying, 
with a small amount of silicon. The X nickel is produced in the form of 
ingots and shot for melting, and is nickel of high purity. For particular 
purposes a grade known as XX is supplied, having a minimum nickel 
content, including cobalt, of 99.40 per cent. nickel. 

Monel metal is an alloy of nickel and copper containing approximately 
2 parts nickel and 1 part copper. The malleability of this metal is pro- 
cured through a proper control of carbon, sulfur and silicon content. 


Physical Properties 


The most interesting physical properties of nickel and monel metal 
are as follows: 


Monel Metal A Nickel 


Properties 

ORGITNS MW scc os aqsnc.¢ oe Ge phe oe DOE CORD ee 8.80 8.84 
Wang joer Gib, tm lle seo oe bebe oun Oem ae mae 0.318 0.319 
NMieltine point, Geo. Ho( Gane cascse 2-2 fees ne + - 2400 2640 
F ) Dee Oul 00m Capereaat 0.000014 0.0000130 

Be ere Of berm] exPen 559 £6 300° C...-5  - 0.000015  0.0000145 
pion per deg..C. | 25° to 600° G....... 0.000016  0.0000155 
Thermal conductivity, CGS units.......-....----- 0.06 | 0.14 
Specific heat, 20° to 400° C...........----+++----- Oen | 0.130 
Electrical resistivity, ohm-mil-ft..........---.---: 256 65 
Coefficient of electrical resistance per deg. C........ | 0.0019 0.0041 
Modulus of elasticity in tension..........-.------- 25,000,000 30,000,000 
Modulus of elasticity in torsion........-------+--- 9,000,000 10,000,000 
Endurance limit in alternating stress, Ib. per sq. in. . 30,000 25,000 


Mechanical Properties 


In the table below are given typical values for the tensile properties 
and hardness of monel metal. It should be emphasized that these values 
are not minimum nor are they specification values. Variations 
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both above and below these figures are to be expected in normal deliveries 


of metal. 
ee 
| 
Pi - : | 
tional pant Tensile | Elonga- leaduedad Brinell 
Forms Limit, Lb. per Strength tion of Area | Hardness 
Lb. per Td eee 
sq. in. | | > 
Hog-rolleditodsancrtmar 35,000 45,000 | 85,000 40 60 150 
Cold-drawn rods........ 60,000 | 70,000 — 100,000 20 | £450 170 
Annealed wire, strip or Dependent on 
BACEb ecto case remishes oh 30,000 | 70,000 gage 125 
Cold-rolled sheet or cold- | | | Dependent on 
drawn wire...........| 75,000 | 100,000 | 130,000 | gage | 200 


The properties of nickel are very similar to those of monel metal 
with yield point 5000 to 10,000 lb. per sq. in. lower, tensile strength 
10,000 lb. per sq. in. lower and Brinell hardness 20 points lower. 


WORKING AND FABRICATING OF NICKEL AND Monet METAL 


The working and fabricating of nickel and monel metal are described 
briefly below, with particular emphasis on features which differ from 
usual practice for the more common metals, steel or brass. Particular 
attention is devoted to the annealing of nickel and monel metal since this 
is an important feature of many sheet-fabricating operations and requires 
rather special attention. Monel metal and pure nickel may be cast, 
forged, annealed, pickled, machined, punched, drawn in presses, hand 
hammered, worked in spinning lathe, soldered, brazed, oxyacetylene 
welded, are welded and riveted. 


ANNEALING 


Interest in the annealing of monel metal and pure nickel centers 
around sheet and strip or products manufactured from these metals. 
There are, of course, occasions where it is desired to anneal rod products 
but these are rare, and practically all forms of the metals except sheet and 
strip can be purchased in the most suitable temper for the purpose in view 
and put through manufacturing processes without requiring any anneal- 
ing. With the sheet and strip forms of monel metal this is not true and 
a large proportion of the metal purchased is put through manufacturing 
operations which demand annealing and reannealing in process. The 
user can buy the material in the most desirable temper for the initial 
operations but after cold work has been done and the metal hardened, 
recourse must be had to annealing in order to put the metal in the proper 
condition to withstand subsequent deformation. 

Because general interest in the annealing of monel metal and nickel is 
concerned primarily with sheet or strip, this paper deals almost wholly 
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with these forms. Brief mention of the annealing of rods, tubes and 
forgings is, however, included for reference. 

Both monel metal and pure nickel in sheet and strip form are influenced 
as to ductility by the same conditions in the same way and respond in 
general alike to the same treatments. Since like principles appear to 
govern the development of maximum ductility for these two metals, 
they can in nearly all cases be treated by identical methods. Monel 
metal and pure nickel cannot be hardened by any heat-treatment 
or quenching process but can be softened (annealed) by slow heating 
and cooling. 


Furnace Refining of the Metals 


Associated with the effect of annealing upon the ductility of these 
metals are a number of influences not wholly dependent on the heat 
treatment. Such influences are the character of the metal surface, the 
previous treatment of the metal with reference to cold work, the grain 
size of the metal when presented for annealing, the composition and 
furnace refining of the metal. 

Skillfully controlled furnace and pouring practice are maintained so 
that the composition of the metal conforms to prescribed narrow limits 
with reference to those elements which are of the nature of impurities 
or are residuals from deoxidation equilibria. The carbon, sulfur and 
silicon must be and are readily held within specified limits. The varia- 
tion in analysis of these elements as found in the commercial products 
has been shown to be too small to exert any influence on ductility. 
Exhaustive determinations on regular daily production of the mill indicate 
that within limits of variation throughout the range in which the com- 
mercial products fall, the iron or the manganese content does not show 
any consistent effect in increasing or decreasing the ductility of 
the metals. 


Surface Effect 


One very definite influence upon the ductility of monel metal and pure 
nickel sheets and strip is the character of the surface. It has been con- 
vincingly demonstrated by repeated tests that any reduction of ductility 
of the surface will enormously reduce the ductility of the whole section. 
If the surface carries oxide, however thin, or reduced oxide, or porosity 
arising through mechanical abuse (tool scratching, guide marking, 
seams, laps, blisters) or through chemical SES or corrosion, the 
ductility of the sheet will be definitely lowered. Conversely, if such weak- 
ened surface can be removed as by polishing or pickling, the test pieces 
m the same sheet will show increases in ductility of 10 to 15 per cent. 


fro Tape 
e difference between success or failure in 


or more (which may mean th 
fabricating operations). 
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Cold Work Before Annealing 


he amount of cold work done before annealing has a definite and 
constant influence upon the ductility of these metals after annealing. 
If only a very small amount of cold work is done (for example, 10 per 
cent. reduction by cold rolling) the full ductility cannot be restored by 
any method of annealing. A study of the cold working of monel metal 
has led to the conclusion that because of this fact it is definitely detri- 
mental to carry out a series of cold-working and annealing operations 
on monel metal and nickel in which the amount of cold working between 
one annealing and the next is less than 20 per cent. 

On the other hand, if the cold working is carried too far it is extremely 
difficult to restore full ductility without danger of overannealing, which 
would show up in coarse grain size and embrittlement. Excessive cold 
work under extreme conditions may even produce internal fractures 
which cannot be healed, and which will result in the straight line type 
of hard fracture that develops with seasoning, and has been described 
by the terms ‘‘season cracking” or ‘“‘corrosion cracking.” The relation 
between annealing of monel metal and nickel andthe amount of cold work 
preceding annealing is illustrated by the graphs in Fig. 1. These show 
that 20 to 25 per cent. of cold work before annealing gives the best result 
in ductility, softness and grain refinement. Accordingly, it is best to 
lay out all cold-forming operations, as, for example, in draw press work 
or die work of any sort, so that the amount of cold work between one 
annealing and the next will be at least 20 per cent. and not over 30 per 
cent., measured as reduction of diameter of the shape or section. 


Box Annealing Temperatures 


Figs. 1 and 2 show the limits of time and temperature which produce 
the best results on ductility for relatively slow (long-time) annealing. 
These limits refer, of course, to enclosed or “box” annealing, as it must be 
clear that such extended annealing intervals are uncalled for except where 
the product is annealed inside a box. Open annealing takes much less 
time and is dealt with in a later paragraph. A study of the curves shows 
that the most reliable results are had in temperatures in the vicinity of 
1400° I. for a relatively long heating time. 

Heating at 1200° F. for reasonably short times fails to produce either 
softness, ductility or grain refinement, although if it is practical to allow 
for annealing as long as 12 to 14 hr. at heat, and under carefully controlled 
temperature limits, ductility will finally be developed at 1200° F. This 
is indicated in Fig. 3. 

Annealing at 1600° F. will give excellent ductility in a shorter time 
interval, but is accompanied by considerable danger of grain growth aud 
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consequent loss of good drawing ductility. If the temperature can be 
accurately controlled and the time at heat limited without any chance of 
overrunning the allotted interval, 1600° F. can be used and will get the 
work out in less time. i 
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One-thousand eight hundred degrees Fahrenheit is clearly too high a 
temperature for box-annealing monel metal and nickel, and will surely 
result in the development of coarse grain and loss of ductility. Softness 
will of course be produced by the high temperature. 


1 The data upon which the graphs in Figs. 1, 2 and 3 are based, are typical only 
of each figure, represent values obtained on one typical heat. 


and, in the instance } 
Variations will of course be found in normal deliveries. The graphs are based in 
part upon data obtained by Dr. W. A. Mudge, metallurgist, Huntington Works, The 


International Nickel Co. 
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Time of Box Annealing 


As shown in Fig. 1, at 1400° F. the time of annealing at temperature 
required to develop full ductility and softness is from 4 to 8 hr. This 
time interval is also the best for material which has been cold worked 25, 
30, 35 and 40 per cent., based on data for other curves not included in 
this paper. 
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At 1600° I’. the time must be materially reduced. Annealing is 
completed in from 1 to 2 hr. in every case and is so well advanced after 
1 hr. that as a guide to good practice 1 hr. should be considered the PERCE. 
ing interval for high temperature (1600° F.) box annealing. Where time 
is an important factor, as it often is in plant production, ver oad 
results can be had under these conditions, but the fpeenae cate l 
must be particularly careful, and elaborate precautions arranged so ‘het 


the time of heating will not be excessive. One h ° ° 
should be the rule followed. NRA ARHUS OST RSAT 1 


2 See foot note No. 1. 
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If time is not a consideration and particularly accurate furnace 
temperature control is available, monel metal and nickel will anneal to 
practically full ductility and softness at 1200° F. after 12 to 14 hr. at 
temperature. Under these conditions the grain growth will be a mini- 
mum and the final grain size will be smaller than can be maintained by 
the 1400° or 1600° F. annealings described above. 
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Grain Size 
The ductility of monel metal and nickel sheets and strip has a direct 
relation to the grain size. As the grain size increases the ductility for 
drawing operations will decrease, even though the metal may be softer. 
Grain size also has an important bearing on the value of finished products. 
Coarse grain material may sometimes be successfully put through cold- 


s, but will develop the so-called pebbled or orange 


drawing operation 
Such a pebbled surface will 


peel surface through cold deformation. 


3 See foot note No. 1. 
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spoil the appearance of the finished article and also, through presenting a 
comparatively coarse surface, reduce the value of the metal to resist 
corrosive influences. If the article is to be polished, any tendency to 
develop a pebbled surface must be eliminated, as it is practically impos- 
sible to polish coarse grain metal and certainly not at economical costs. 


Fig. 4.—TyPIcAL FINE, MEDIUM AND COARSE GRAIN IN MONEL METAL. X 100. 


Fine-grained monel metal and nickel means metal whose grains will 
measure an average diameter of 0.0010 in. Medium-grained metal is 
that whose grain size measures from 0.0015 to 0.0017 in.. Any metal 
having grains whose average diameter is greater than 0.0020 in. is con- 
sidered coarse grained. This is illustrated in Fig. 4. 


Gas Annealing 


In box annealing an embrittlement of the metal will sometimes occur 
due to leakage of air or furnace gases into the annealing boxes. One 
good way of preventing this is to introduce gas inside the boxes during 
annealing and cooling. Natural gas is best for this purpose but city gas 
scrubbed free of sulfur compounds will also serve. The practice is to 
insert a bent pipe through the sand seal and under the annealing cover, or 
into a tapped hole in the cover or pan. The pipe should be approximately 
¥ in. iron pipe size and should extend from the box under the furnace 
door and a little way outside. The outside end of the pipe is connected 
to a source of gas with a flexible connection. 

All air inside the box should be swept out with gas to prevent explo- 
sions and the gas pressure then reduced to a very gentle flow so that the 
gas will burn with short flames through the sand seal or at any small 
leaks in the cover. Very little gas is required during the heating but it 
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should be turned up to keep small flames on the box as soon as firing is 
stopped and the soaking at heat begun, followed by cooling. Gas should 
be kept on the box until the product has cooled below 300° F. This 
method of annealing will give a deoxidized surface, which can be delivered 
to the next cold-forming operation directly or given a short acid pickle. 


Open Annealing 


Excellent results in restoring ductility of monel metal and nickel 
after cold working are given by open-annealing methods. The 
principal objection to the universal adoption of open methods for handling 
the annealing of these metals is the difficulty in preventing surface oxida- 
tion or of removing such oxidation if it is permitted to form. Furnaces 
are available in which monel metal and nickel sheets are being annealed 
and cooled in a non-oxidizing atmosphere which results in a bright, prac- 
tically oxide-free surface. Furnaces of this type are not, however, 
common equipment and are expensive to install. Where any continual 
large production work on these metals is contemplated it will certainly be 
worth while to install a furnace of this type and open anneal all monel 
metal and nickel products. 

If these metals are to be annealed in an open furnace under an oxidiz- 
ing atmosphere, measures must be taken to remove the oxide surface 
before any further cold work is done, or otherwise a large proportion of 
the ductility of the metal will be lost. In following this practice with 
other metals it is natural to think of pickling after annealing as the simp- 
lest solution. This can be done, but requires solutions which are 
extremely corrosive and disagreeable to handle and also requires a long 
time. Monel metal and nickel can be pickled in a solution of nitric and 
sulfuric acid at practically boiling temperature. The solution is hard to 
hold in any vessel and fumes extensively. For the best results, a pickling 
operation should be used none the less, and this can be done by careful 
planning for ventilation. The recommended pickling solution is made up 
of 11¢ Ib. sodium nitrate added to a mixture of 3¢ gal. 60° sulfuric acid in 
10 gal. water. During pickling the temperature must be kept at 185 
to 190° F. Another precaution is the necessity of cleaning away 
all grease before pickling, as otherwise the acid cannot reach the 


metal surface. 
Open-annealing Conditions 
For open annealing monel metal and pure nickel the products should 
be heated rapidly up to 1650° to 1750° F. and held at that temperature for 
5 to 7 min. The time should not be permitted to exceed 15 min. 
This practice will give full ductility and will preserve a fine grain size in 
the metal. It will not, however, give quite as soft a sheet as the box- 


annealing practice. 
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Alcohol-quench Anneal 


A method of reducing, or partly reducing, the surface oxide that 
results from open annealing is the use of an alcohol quench after annealing. 

To carry out this method the open-annealing practice given in the 
preceding paragraph should be followed, and the products heated in a 
sulfur-free furnace atmosphere to a temperature in the range of 1650° to 
1750° F.for5to 15min. The products are then withdrawn and quickly 
plunged into a quenching mixture of alcohol and water. Handling must 
be arranged so that the article will enter the alcohol-water solution at a 
bright yellow heat. Allow the article to cool a few minutes in the 
quenching bath and it is then ready for further cold working. 

The alcohol-quench anneal when skillfully carried out will leave a 
clean white surface on nickel. When applied to monel metal the surface 
will take on a copper color. The flash of copper is extremely thin. The 
metal is softened so that it ean be redrawn in presses or reworked cold by 
spinning or hammering. For best results, however, and to take advan- 
tage of the full ductility of the metal, it is advisable to introduce a pick- 
ling operation after the annealing. The pickling practice has been 
briefly described above. The alcohol and water-quenching solution 
referred to is a mixture of 1 part wood (methyl) alcohol in 80 parts water. 
Denatured grain alcohol is not as effective as wood alcohol in the process. 


Annealing of Rods and Other Products 


The annealing of monel metal or pure nickel rods, tubes, ete., is not 
often necessary and where needed a small amount of surface oxidation 
does not matter. The best method is to heat the rods directly in a sulfur- 
free furnace atmosphere to temperatures between 1650° and 1750° F. for 
approximately 15 min. after the rods or tubes come up to temperature. 
The products can then be cooled in the furnace or withdrawn into the 
air. The alcohol-quench annealing method can also be used. If it is 
necessary to anneal monel metal or nickel rods without oxidizing the 
surface, they may be gas-annealed in a large steel pipe closed at both 
ends with the introduction of gas as described above. 


SuMMARY oF ANNEALING PRACTICE 


Monel metal and nickel may be box-annealed or open-annealed.4 
In box-annealing care must be used to keep tight seals and avoid leaks 
into the box. 


Charcoal inside the annealing box is beneficial. 


4 . . . . a 
The notes are given briefly to serve as guides to experienced annealers. 
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The charge should be kept out of contact with iron, steel or sand in 
the annealing box. : 

Box-annealing with gas introduced to maintain a deoxidized surface 
is fully practical with both monel metal and nickel. 

Monel metals and nickel may be open-annealed under very slightly 
oxidizing conditions as in muffles or enameling kilns. 

In open-annealing it is good practice to quengh in a 1-to-80 mixture of 
methyl alcohol and water to reduce oxides on the surface. The quench- 
ing does not harden the metal. 

Temperatures for box annealing are 1400° to 1500° F. and for open- 
annealing 1650° to 1750°F. 

Time for box-annealing is 4 to 8 hr. at 1400° F.; or 1 hr. at 1600° F. 

Open-annealing is completed in 5 to 7 min. at temperature. 


CASTING 


Some special experience is necessary for making good castings in 
monel metal and nickel because of their high melting point, and the 
necessity for care in control of sulfur, silicon and carbon. Printed 
instructions on casting and methods are available to operators. 


FORGING 


Monel metal and nickel are easily forged after brief experience. Cer- 
tain care is necessary to maintain favorable heating conditions and 
temperatures. The essential requirements are: 

1. Low-sulfur fuel; natural gas, retort gas, fuel oil, (low-sulfur) 
producer gas. Coal is not recommended for heating except for 
muffle furnaces. 

2. Complete combustion outside the hearth; an outside combustion 
chamber or premixing burner should be employed. A rash flame imping- 
ing on the work should be avoided. 

3 Maintenance of fuel-air balance; hearth atmosphere should be 
held very slightly on the oxidizing side of neutral. 

4. Proper working temperatures; for monel metal forging should be 
done at between 1850° and 2100° F., bending between 1850° and 1950° F. 
For nickel forging should be done at between 1850° and 2200° F. No 
forging should be done on either metal at red heat below 1800° F., nor 
should they be allowed to bend in the red range. 

Monel metal and nickel may be forged in dies under hammers but not 
in presses. More power and heavier forces are needed for forging monel 
metal and nickel than for steel of the same size section. Forging instruc- 
tions in considerable detail are supplied by the manufacturers of 


these metals. 


86 NICKEL AND MONEL METAL 


PICKLING 


Monel metal and nickel can be pickled in very hot solutions of sodium 
nitrate, sulfuric acid and salt. The manufacturer should be consulted 
in this, as the solutions work quite slowly and are unpleasant to handle. 


MACHINING 


Monel and nickel may be machined without difficulty. Cold- 
drawn material machines more easily than softer (hot-rolled or 
annealed) products. 

Generous lubrication is generally essential in machining monel 
metal and nickel but they are often machined successfully without lubri- 
cant. Tools for machining should be ground with a sharp cutting angle 
—considerable hook or rake. Production should be about two-thirds 
that of machinery steel for the same piece. 


PUNCHING 


Monel metal and pure nickel may be punched up to practically the 
same limits as for steel, but greater power will be required. 


Press DRAWING 


Monel metal and pure nickel may be easily worked in drawing presses. 
Ordinarily these metals can be drawn into deeper shapes without anneal- 
ing than is possible with cold-rolled steel. 

Die clearances should be ample, a little greater for monel metal and 
nickel than for steel. Drawing dies should be of very hard steel or iron 
or else of hard bronze (20 per cent. tin, 80 copper). Soft steel dies are 
galled or scored by monel metal and nickel. Dies should be laid out for 
reduction from the blank of 30 to 35 per cent., followed by 30 per cent., 
25 per cent., 20 per cent., ete. Wall thickness can be reduced on a die 
and mandrel designed for the purpose. 

Annealing should be done after second and subsequent draws. 


Lubricants that wet the metal should be used. Heavy lubricants are 
ordinarily best. 


Hanp HAMMERING 


Monel metal and nickel can be hand-hammered and coppersmithed 
within limits. Frequent annealing is necessary as the metal hardens 
rapidly. It is very difficult to “raise” the metal by ‘‘bumping,” but 
this can be done in a limited way by skilled workmen. 


SPINNING 


; Monel metal and nickel may be spun within limits; nickel is easier to 
spin than monel metal. The metals harden rapidly under cold work and 
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should be frequently annealed. Spinning should be done as rapidly as 
possible, avoiding reworking the same metal excessively. 


SOLDERING 


Monel metal and nickel are easily soldered. Good preliminary 
cleaning by scraping, grinding or with nitric acid is necessary. Flux 
with a good grade of zine chloride flux. i 

In using a soldering iron, work slowly to allow heat to penetrate the 
work so that the solder will run freely. Hold the work with clamps to 
prevent springing before the solder has hardened. 


BRAZING 


Monel metal and nickel may be joined by brazing with brass, nickel 
silver, or silver solder. Ordinary brazing methods are followed. Use a 
flux of 1 to 1 borax and boric acid. 


OXYACETYLENE WELDING 


Monel metal and nickel may be welded with oxyacetylene torch after 
a little experience. The flame should be very close to neutral on the 
reducing side and the work should be welded rapidly and not reworked. 
The metal to be welded should be clamped so that it can not move while 
or immediately after the welding is done. A flux of 1 to 1 borax and boric 
acid is used. 

The art of acetylene-welding these metals is not a simple one to 
master. The manufacturer of the metals should be consulted for further 
detail and instruction. 


ELectric WELDING 


These metals may be welded by electric arc, using a deoxidizing flux 
and with reversed polarity. This art is not simple to master and the 
manufacturer of the metals should be consulted. 


RIVETING 
There is nothing unusual about riveting monel metal and nickel. In 
general, they should be riveted cold. 
APPENDIX 


Detaits REGARDING THE DIFFERENT CLASSES OF COMMERCIAL 
NICKEL AND Monet Meta PRODUCTS 


Hor-roLtLeD Rops 


Monel metal and pure nickel are manufactured in the form of hot-rolled rods in 


all commercial sizes from 74 to 6in. In sizes from 4 to 6 in. the rods are supplied 
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either rolled or hammer-forged and in both cases are rough turned. Larger sizes than 
6 in. can be supplied to order in hammer-forged rough-turned rods. 

The rods are ordinarily supplied in mill lengths of from 5 to 20 feet. 

Hexagon, square and flat sections are regular products. Special sections are 
rolled to order. : 

The hot-rolled rods in straight lengths are of ordinary commercial straightness. 
In sizes of 5¢ in. dia. and smaller the rod can be supplied in coils. . 

The size tolerance is governed by the standards applied to steel of the same section. 

Where hot-rolled monel metal rods are to be machined, an allowance is necessary 
to clean up on all guide marks, etc., in the surface. For rods less than 1 in. allow 
in. on diameter; for rods 1 to 2 in. allow 34¢ in.; for rods 2 to 3 in. allow 54¢ in.; for 
rods 3 in. and larger allow 3g in. on diameter. 

Hot-rolled rods may be machined; they may be bent cold or cold upset; they may 
be forged hot; they may be joined by riveting or by welding—either electric or oxy- 
acetylene. Hot-rolled rods are used in the sizes as rolled, after minor machining 
operations, or after forging. 


CoLp-DRAWN Rops 


Cold-drawn rods are supplied in all sizes of rounds from 4 to 3 in. and also in some 
square, hexagon and flat sections and in special cold drawn shapes to order. Ordinary 
cold-drawn rods will come within the following tolerance limits: 


SIZE He ste. otras Plus 0.000 in., minus 0.002 to 0.005 in. 
Straightness....3{¢ in. on random mill lengths. 


Especially straight cold-drawn rods are supplied under the designation ‘pump 
rods.” These have a straightness tolerance of 0.005 to 0.008 in., depending upon the 
size of rod, in 42 in. length. Extra close size tolerances can be maintained on special 
orders and at extra cost. 

Cold-drawn rods are ordinarily supplied unannealed. They can also be supplied 
stress-relief annealed, or full-annealed. Full hard rods can be procured in the smaller 
sizes, beginning with the wire sizes. 

Cold-drawn monel metal or pure nickel is ordinarily selected where it is desired to 
take advantage of the considerably increased tensile strength and yield point that are 
the result of cold drawing. Where high yield point is the governing consideration, 
stress-relief annealing should also be specified. 

Cold-drawn monel metal or pure nickel is used where accuracy to size is the govern- 
ing consideration, as in pump rods, rotating shafts, ete. 

Cold-drawn rods are used for parts to be machined. For three reasons cold-drawn 
is to be preferred for this purpose to the hot-rolled product: (1) Freer machining quality 
at medium hard temper in these metals, (2) accuracy to size for passing collets, and 
(3) freedom from surface blemishes. For full automatic and hand-screw machine 
work, cold-drawn rods should always be used, and often for ordinary machining 
operations where the volume of metal to be removed is large in proportion to the total 
vote of metal in the piece handled (see above, under machining). 

Cold-drawn rods may be used where appearance is a consideration; in monel 


metal and pure nickel they are bright, permanently white, non-rusting, practically 
non-tarnishing and readily polished. 


Cold-drawn monel metal and nickel rods are used for forgings where the quality 


of the surface of the finished forging is of importance, or where surface seams must 
be avoided. An example of this is found in the manufacture of turbine blading, balls 
for check valves, ete. 


Cold-drawn monel metal and nickel can be bent cold, upset cold, or drawn cold 
hot-forged, machined, welded, brazed or soldered. 
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Wire Rop 


Monel metal and nickel wire rod is hot-rolled rod of small diameter (742 to 5¢ in.) 
supplied in coils. The size and roundness tolerances are governed by standards 
applied to steel. Wire rod is ordinarily supplied as coiled hot in the rod mill ; it also 
can be supplied, on order, annealed or pickled. 

Wire rod is used for redrawing into wire or for the manufacture of bolts, nuts or 
similar items in upsetting machines. 

The hot-rolled monel metal and nickel wire rod can be bent cold, forged or welded. 
For cold upsetting, cold-drawn annealed wire is superior to the hot-rolled product. 


CoLD-DRAWN WIRE 


Monel metal and nickel wire can be supplied in all sizes down to 0.001 in. The 
size tolerances are governed by the requirements of the customer and ordinary 
commercial standards. 

Monel metal and nickel wire can be supplied in various tempers, ranging from dead 
soft to fullhardorspring temper. The dead soft and soft tempers are bright annealed, 
and the intermediate and hard tempers carry a bright finish resulting from the drawing 
dies. 

Monel metal and nickel wire are used for cold upsetting and rolled threading opera- 
tions, for which purpose 14 hard temperis suitable. Wire is used extensively for small 
automatic screw machine products. MHalf-hard temper material is most suitable for 
this purpose. 

Monel metal and nickel wire are used for welding rod in the full annealed condition. 

Monel metal and nickel wire are used for springs to work under corrosive conditions. 
For this purpose full hard or spring temper material is supplied, having a minimum 
tensile strength of 135,000 lb. per sq. in. 

Monel metal and nickel wire are used extensively for weaving into filter cloth 
and screens. 


PLATES 


Hot-rolled plate in monel metal and pure nickel are produced in thicknesses from 
14 to 1 in., in widths up to 90 in. for all but the heavier gages, and in long lengths, 
maximum at 240 in. for 3¢ thickness. There are slightly shorter limits of length on 
lighter and heavier plates. These plates are not annealed or pickled and carry an 
oxide surface. 
Plates can be supplied sheared to circular form or to template. 
Dished and flanged heads are available in }4 to 14 in. gage; 12 to 60 in. outside dia, 
and 2% in. maximum depth of flange. 
*Monel metal and pure nickel hot-rolled plates may be bent hot or cold on a radius 
as much as or more than the thickness of the plate. They may be welded or riveted. 


Hot-ROLLED SHEETS 


Monel metal and pure nickel hot-rolled sheets, as the name implies, are produced 
by a hot-rolling process similar to that used for sheet steel, and are finished by anneal- 
ing and resquaring. The surface of the sheets is not refined in any way. These 
sheets are produced in U. S. standard gages from No. 26 (0.018 in.) to No. 3 (0.250 
in.). The maximum width is greater for the heavier gages. For intermediate gages, 
sheets up to 50 in. wide are produced. The maximum length depends upon the 
gage and width, and goes as high as 156 in. for sheets 0.050 to 0.125 by 48 in. wide. 
In widths up to 44 in., 0.050 to 0.125 in. thick, the maximum length is 172 inches, 
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The hot-rolled monel metal and nickel sheets are intended for mechanical purposes 
where surface appearance is not a determining factor. These sheets can be used for 
architectural purposes, as on roofs, for gutters or flashings, and for engineering con- 
structions such as drying apparatus. 

The hot-rolled monel metal and nickel sheets may be bent on a radius not less 
than the thickness of the sheet; they may be riveted or welded. With extra prepara- 
tion in cleaning or pickling the surface areas to be worked, these sheets may also be 
brazed or soldered. They are not suitable for cold drawing or spinning, nor are they 
intended for lock-seaming. 


FULL-FINISHED SHEETS 


These sheets are produced by methods similar to the full-finished steel sheets of 
the automobile body or panel stock class. They are hot rolled, annealed and pickled, 
cold rolled lightly (2 to 3 per cent. cold reduction), reannealed, leveled and resquared, 

Full-finished sheets are produced in the same sizes as the hot-rolled sheets, from 
0.018 to 0.250 in. in thickness; width limits of 40, 44, 48 or 50 in., depending on the 
gage and length. They are reasonably flat and free from buckles, and are produced 
in one temper only, which is a soft temper. They are supplied with ground finish of 
two grades. (For detail see under polished sheets.) 

Full-finished sheets are the most wid2ly used sheets for general purposes, and are 
the standard commercial monel metal or nickel sheets. These are used for all sorts 
of architectural cabinet work such as counters for hotels and restaurants, hospital 
tables, laundry and textile machinery. They are selected for all sorts of sheet metal 
work where appearance is a major consideration, and where it is desired to grind or 
polish a finished fabricated article. They are also used to meet corrosive conditions 
which are severe enough to require a smooth surface. 

Full-finished monel metal and nickel sheets may be lock-seamed both across and 
along the grain; joined by riveting, and welded, brazed and soldered. 

Full-finished sheets are not the best product for severe cold-working operations, 
such as deep drawing in presses or spinning. Cold-rolled sheet or strip is better for 
such purposes. For simple, relatively shallow, drawing-press operations the full- 
finished sheets will sometimes serve. They should not be chosen for cold-forming 
operations until after practical trial in each new case. 


COLD-ROLLED SHEETS 


Monel metal and nickel cold-rolled sheets are produced by a rolling practice 
especially adapted to the purpose. These sheets are hot rolled, annealed and pickled 
and finished by heavy cold rolling, leveling, reannealing and resquaring. They are 
produced in thicknesses of from 0.018 to 0.250 in., in widths up to 36 in. and lengths 
up to 166 in. depending on the gage. The gage tolerances on these sheets can be 
closely controlled. These sheets are flat. 

The cold-rolled monel metal sheets can be produced in a range of tempers from 
soft to hard measuring the hardness in a range between 16 and 40 Shore hardness. 
On cold-rolled sheets harder than one-quarter hard flatness must be sacrificed. The 
standard cold-rolled sheet is of soft temper, and any other tempers are produced only 
on order. 

The cold-rolled monel metal and nickel sheets carry a highly refined surface, free 
from all except the smallest blemishes. 
sideration, surface imperfections are un 
buffed to a high polish, 


They are used where appearance is a con- 
desirable, or the finished product is to be 


: iy and under most severe corrosive conditions where a smooth 
surface will improve the resistance, or where the highest ductility is required. 
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: Cold-rolled monel metal or nickel sheets are specified for all cold-forming operations 
in presses. Cold-rolled sheets are used for hand forming work such as coppersmithing 
or spinning. Cold-rolled sheets in soft temper may be lock-seamed along and across 
the grain. They may be cold worked in a drawing press into the most difficult 
shapes, they may be formed by spinning, within limits, they may be riveted, welded, 
brazed or soldered. 


POLISHED FULL-FINISHED SHEETS 


Depending on the gage full-finished sheets in thicknesses from 0.021 to 0.250 
in., in widths up to 48 in. and lengths up to the limits of the sheet schedule can be 
supplied in two grades of ground finish. These finishes are ordinarily supplied on 
one side only, but can be supplied on two sides of the sheets. 

The first finish is specified as No. 3 grind, which is a fine emery finish, in appearance 
like the effect of a coarse wire brush. A higher grade of finish is known as No. 4 
grind and is produced by carrying the polishing on to the finest grades of emery. 
This is a very fine satin finish of uniform appearance with a good medium lustre. 
Both the No. 3 and No. 4 grind show a wavy effect which improves the uniformity of 
the appearance in the finished product. 

The No. 3 finish, which is supplied at a lower price, is usually used as received, for 
counter work such as hotel or restaurant cabinets, trim, etc. 

The No. 4 finish is usually selected where a finer appearance is desired or where it 
is intended to further polish and buff the finished product. The No. 4 finish is suitable 
for trim, moldings and the highest grade of cabinet work. 

The physical properties of the ground finish sheets, both No. 3 and No. 4 grind, 
are the same as for the full-finished, hot-rolled sheets, and they may be adapted to the 
same purposes and worked up to similar limits with reference to bending or forming. 


CoLD-ROLLED POLISHED SHEETS 


Cold-rolled monel metal and nickel sheets are supplied in No. 5 finish, which is a 
high polish produced by buffing. These sheets are supplied in gages from 0.021 up 
to 0.062 in. in widths up to 36 in. and lengths up to the limits of the sheet schedule. 
The finish on these sheets is a straight buff which brings out a high luster. Sheets 
are designed for the highest grade of cabinet work or for the fabrication of articles 
which must be finished to a high lustre. 

The properties of these sheets are the same as for the cold-rolled sheets and they 
may be subjected to similar forming operations. It would not, however, often be 
desirable to employ polished sheets for severe cold forming because the polish would 
be destroyed and a regular cold-rolled sheet would serve as well. 


Hor-ROLLED STRIP 


Hot-rolled strip is produced in monel metal and pure nickel. This is in effect a 
wide flat rod, and the comments under the heading of ‘‘ Hot-rolled Rods” apply here. 
The hot-rolled strip is ordinarily supplied in mill lengths of from 5 to 20 ft. Thick- 
nesses from lé to 3¢ in. are supplied in widths up to the limit of the mill. The maxi- 
mum width varies with the thickness. Strip under 0.250 in. in thickness is furnished 


in coils. se. 
The hot-rolled strip is suitable for forming into angles for punching into washers 


or for re-rolling. 
CoLD-ROLLED STRIP 


Cold-rolled strip in monel metal and pure nickel is produced by the manufacturer 
in any thickness from 0.015 to 0.250 in. Thinner strip is limited to narrow widths. 
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From thicknesses of 0.015 in. maximum width is 12 in., from 0.018 to 0.034 in. 
maximum widths are 12 to 16 in. On thickness 0.037 in. and heavier, the maximum 
width is 18in. The strip can be supplied in coils approximately 200 ft. long in thick- 
ness 0.062 in. and lighter and in 100-ft. coils from 0.070 to 0.125 in. Straight flat 
lengths are supplied from 0.125 up to 0.250 in. thick. Straight lengths can also be 
had in gages lighter than 0.125 in. if desired. 

The cold-rolled strip can be rolled very close to gage, and in all except annealed 
tempers has a highly finished surface from the rolls that can be readily polished. 
Annealed strip has a dull surface but can be polished with reasonable ease. The cold- 
rolled strip has a very fine grain structure and is particularly well adapted for deep 
drawing or other cold working. 

Cold-rolled strip is supplied in the annealed condition ready for further cold 
work. It can also be supplied unannealed in a series of tempers up to full hard. The 
range is well covered by the five tempers designated by the manufacturer as eCsO tine 
“skin hard,” “14 hard,” ‘14 hard” and ‘‘full hard.” 

For all severe drawing-press operations, for spinning, or for the manufacture of 
intricate moldings of plain metal or metal-covered wood, soft temper, cold-rolled 
strip should be selected. Harder temper material is for use where stiffness is required 
and is ordinarily to be used as rolled. The tempers harder than “‘soft”’ will not stand 
much cold work. 


SEAMLESS TUBING 


Seamless tubing is produced by the manufacturer in pure nickel, but not in monel 
metal. The pure nickel seamless tubing is made in diameters from 14 to 4 in. and 
in wall thicknesses from 0.035 up to 0.165 in. The smallest outside diameter in 
0.035 in. wall thickness is 3g in. The lightest wall thickness in 14 in. outside diameter 
is 0.049in. Similarly, the smaller diameters of tubing are not produced in the thickest 
wall sizes. The cold-drawn seamless nickel tubing is also produced in iron pipe sizes 
from 1g to3in. One and one-quarter and 114 in. extra heavy I.P.S. and 2 to 414 in. 
standard iron pipe size seamless nickel are also made by the manufacturer in the form 
of hot-rolled tubing. 

All the cold-drawn tubing and cold-drawn pipe sizes are supplied by the manu- 
facturer with a ground finish on the outside, the surface being bright. The hot-rolled 
pipe carries an oxidized or black surface. Pure nickel seamless tubing and pipe are 
produced in mill lengths of from 5 to 20 feet. 

Nickel seamless tubing can be bent and coiled cold on practically the same limits 
that apply to other metals. It can be swaged or expanded into headers, and can be 
welded, brazed, or soldered. 

Seamless nickel tubing is finding extensive application in evaporators for alkalies 
salts, mild acids and other corrosive products. It is used both to procure durabilieg 
of equipment and also to insure minimum contamination of products handled. It is 
widely used in the dairy industry for cooling and warming apparatus. 


GAS-WELDED TUBING 


Gas-welded tubing is supplied by the manufacturer in monel metal only. This 
tube Is produced by rolling strip into tubular form and welding with malonate as 
machines. All the welded tubing is redrawn to shape after welding. This eles 
seam monel metal tubing is available in sizes from 1 


3 ; : : 
+4 to 4 in. and in wall thicknesses 
of 0.035, 0.049, 0.065 and 0.083 in. The larger sizes are not produced in the lighter 


walls, and 74 in. is the smallest diameter in which the 0.083 in. wall is produced. It 
pees in mill lengths of from 5 to 17 ft., and is tested to withstand an air pressure 
of 250 lb. and to take an expansion of 10 per cent. over a 45° tapered mandrel. 
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Welded monel metal tubing is unannealed and is made from cold-rolled strip and 
retains a comparatively bright appearance through the rolling and welding operations. 
It is also supplied on order with a ground finish on the outside. This type of tubing 
can also be produced in special shapes, square, rectangular, open-seam, etc. 

Welded tubing is used where corrosive conditions require monel metal rather than 
nickel. It is used for mechanical purposes. Open-seam monel metal tubing has been 
used for trim in architectural work. 


FoRGINGS 


Forgings in monel metal and pure nickel can be procured from a: large number of 
forging firms throughout the United States and Canada who are familiar with the 
handling of these metals. The primary manufacturer of the metals will also undertake 
to supply rough forgings, or rough turned forgings, of large size or unusual difficulty 
in cases where the outside forging companies are unable to supply the requirements. 
Monel metal and nickel bolts, nuts and washers are manufactured by a number of 
firms and the primary manufacturer of the metal is also equipped to supply these 
items In standard sizes and a limited variety of bolt heads. 

Monel metal and pure nickel forgings have the full physical properties of the hot- 
rolled metal and are utilized to take advantage of the high tensile strength combined 
with corrosion resistance. Extensive use is made of monel metal bolts and special 
forgings for acid resistance in pickling plants of the steel industry. Bolts are also 
finding wide application for outdoor electrical transmission apparatus. In this use 
high resistance to fatigue and shock, freedom from corrosion-fatigue failures, in con- 
junction with high mechanical strength and corrosion resistance, make monel metal 
bolts particularly reliable. 


CASTINGS 


Monel metal and pure nickel castings are made by the manufacturer to any 
desired pattern. The castings are ordinarily sand castings; centrifugal cast tubes or 
rings are also supplied. 

Patterns must ordinarily be prepared for monel metal and pure nickel to take care 
of the necessary shrinkage, which is }4 in. to the foot. On patterns already made for 
steel, iron or bronze these can be handled in the foundry if a blue print of the finished 
product is supplied. The foundry will ordinarily lag such patterns to adapt them to 
monel metal without permanently changing the pattern in any way. 

Monel metal castings are also made by a number of jobbing foundries throughout 
the country. Some precautions and experience are necessary in handling the monel 
metal or nickel which are both of high melting point. Large sink-heads are necessary 
as well as care and experience in molding, furnace practice and pouring practice, so 
that it is ordinarily best to procure monel metal and nickel castings from the primary 
manufacturer rather than to attempt to produce them locally. 


ELectrotytTic NicKEL 


Nickel of highest purity is supplied in the form of electrolytic cathodes which may 
be sheared to a desired size. The electrolytic nickel is widely used for the manu- 
facture of alloys such as nickel-silver or white gold where nickel of high purity 
is required. 

ANODES 


Nickel anodes are supplied through the platers’ supply houses for all sorts of plating 
and electrodeposition. The nickel anodes are made both cast and rolled. 
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SHot aND Buiock ror MELTING 


Both monel metal and nickel are supplied in the form of shot and cast blocks for 
remelting. Nickel is supplied in 5, 25 and 50-lb. pigs., and monel metal in 25 and 50 
Ib. pigs. Monel metal block and shot are chiefly used for monel metal castings. Nickel 
block and shot are used for melting into various white metal alloy castings; for alloying 
with brass or bronze, and for alloying with aluminum. ‘The most extensive use of 
large nickel pigs is for the manufacture of alloy steel and nickel-bearing cast iron. 


Wrought Zine 


C. S. Trewin,* New York, N. Y. 


(Detroit Meeting, September, 1927) 


ZINC, in its wrought form, is produced commercially in rolled strip, 
sheet, wire, rod and tubing. Wire has been made periodically, but due 
to the fact that slight drafts are necessary, the cost of production is 
greater than for the more common non-ferrous metals which are made 
into wire. Notwithstanding the cost, zinc wire has certain special uses 
for which it is particularly adaptable. Rod has been made both by 
rolling and extrusion; the product, however, has not indicated great 
commercial value. 

Tubing has been made from strip from time to time by forming a strip 
around a mandrel and either electrically or gas-welding a longitudinal 
joint. Recently a tube manufacturer has succeeded in making a fair 
quantity of this material. Its commercial adaptability is still to be 
determined but anyone who desires it can obtain quantities of the 
smaller sizes. 

Inasmuch as strip and sheet are commercially the most important, 
this paper will be devoted to these products. 

In the broader sense, zine is not alloyed. That is, there are no com- 
binations comparable to the various copper, aluminum and nickel alloys. 
It has been recognized for some time that the lead and cadmium occur- 
ring with commercial zinc have some effect on its properties and such 
alloys as may be said to exist are those made from zines containing vary- 
ing amounts of lead and cadmium with a relatively low iron content. 
The foreign rolled zine will analyze higher in lead than the domestic 
grades. A representative foreign analysis will run 1.1 per cent. lead, 
0.07 per cent. cadmium and 0.02 per cent. iron. The American grades 
vary from zinc approximating high grade and analyzing 0.08 per cent. 
lead, 0.002 per cent. cadmium and 0.015 per cent. iron, to the lower 
grades in which the lead will vary from 0.3 to 1.0 per cent., cadmium 
from 0.10 to 0.5 per cent. and the iron in the neighborhood of 0.02 per cent. 


RouuEp ZINC 


Rolled zine is produced in both the strip (or ribbon) form in which the 
product is rolled from a single bar in one continuous direction, or sheet in 


* Technical department, The New Jersey Zine Co. 
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which the product is rolled by the pack method. For strip thicknesses 
may be obtained from 0.006 to 1.00 in. in coils or flat lengths. Depend- 
ing on the gage, the maximum width varies from 12 to 20 in., and widths 
narrower than 12 in. may be obtained in any gage. The length of coils 
may vary from 100 to 250 ft. in the heavy and medium gages and up to 
500 ft. in the lightest gage. In sheet, thicknesses vary from 0.006 to 
0.1 in., widths from 18 to 60 in. and lengths from 72 to 144 inches. 


TESTS 


Because of zine’s extreme sensitiveness to rate of loading, tests must 
be performed at rates of loading or deformation comparable to those 
occurring in service. Thus the standard Erickson or Olsen cupping test 
in which the rate of deformation is 0.3 in. per min. is not applicable 
because of the low speed and the dynamic ductility test was developed 
in which the cupping is performed in a commercial press operating at 
commercial speeds. ! 

On the other hand, the tensile test carried out with a pulling speed of 
0.25 in. per min. is too rapid to indicate the permissible continuous load 
for zinc. When this is of importance as in the case of corrugated roofing 
sheets, static tensile or loading tests must be made. ‘The static tensile 
tests are performed by applying a series of static loads to tensile speci- 
mens under carefully controlled temperature conditions, and for con- 
siderable periods of time (days or weeks) observing the elongation by an 
optical extensometer. The loading tests are conducted with commercial 
size corrugated specimens upon which predetermined loads are applied 
over various spans and the deflection at the center of the span measured 
under selected temperature conditions. 

From these tests the following table was determined for safe roof 
loads per square foot on various purlin spacings for Nos. 13, 14 and 15 
gage 7g in. deep corrugation with end lap. 


Safe Roof Loads 


Purlin Spacing—Inches 
Loads, Lb./Sq. Ft. 


No. 13 (0.032 In.) | No. 14 (0.036 In.) | No. 15 (0.040 In.) 
30 3914 | 41 42 
40 | 3614 | 3714 | 39 
50 3314 | 3514 3614 


| 
Yor single span sheets or sheets without end lap reduce purlin spacings given by 
20 per cent. 


_ Bee : 
Corrugated zine sheets lighter than 13 gage are not recommended for use 
over purlins. 


1 C. H. Mathewson, C. S. Trewin and W. H. Finkeldey: Some Properties and 
Applications of Rolled Zine Strip and Drawn Zine Rod. Trans. (1920) 64, 305. 


Cc. 8S. TREWIN 97 


Temper (stiffness) is determined by a special machine which wraps 
a flat specimen around a mandrel and then allows one end of the 
specimen to spring from the mandrel. The angular deflection of the 
end of the specimen is measured to indicate the temper. 

The ability of zinc to withstand cold bends is also of importance. We 
have in the course of development a machine to evaluate this property. 
Inasmuch as it has yet to be given a thorough try-out it has not 
been described. 

It is important to note that in these testing methods, wherever rate 
of loading is a factor, the human element has been eliminated by the use 
of motor-driven units. 

The physical properties for commercial rolled zinc tested for dynamic 
ductility and temper, the method of determining the end point of the 
tests and the commercial variations in thicknesses and widths may be 
found in the recently adopted A. 8. T. M. Tentative Specifications for 
Rolled Zine. 


RANGE OF PHySICAL PROPERTIES 


On account of the limited range of useful alloys, the physical properties 
do not vary to as great an extent as will be found in other non-ferrous 
metals and their alloys. There are, however, important variations in 
properties possible within certain limits; for instance, temper may be 
increased in a limited range without great sacrifice of ductility and cold 
bends. If, however, relatively great stiffness is required, high ductility 
is sacrificed and vice versa. For specific application it has therefore been 
necessary to study carefully the conditions of service and recommend 
to the consumer a product which will meet his demands. 

The surface of the strip metal as it comes from the rolls may have 
as a result of hot rolling a bright smooth finish. Cold rolling results 
in a duHer surface. Roll marks are of course present on all strip. In 
the case of sheet the finish is a dull planish which gives a very smooth and 
satisfactory surface for many uses or a higher finish, bright and particu- 
larly smooth, which is well adapted to subsequent nickel plating and is of 
considerable value in such applications as lithographers’ plate and photo- 
engravers’ stock. 


Srrie Zinc 


Strip zine, due to its longer length, is generally preferred for automatic 
forming operations. For deep drawing operations a soft rolled strip of 
high-grade zinc, having a high dynamic ductility value and low temper, 
is used in nearly all cases. For certain applications such as running board 
molding and weather strip, a stiffer temper, combined with high cold 
bend is more desirable. The product, which is most adaptable for draw- 
ing operations, has a limited application in certain fields due to its lack 


98 WROUGHT ZINC 


of stiffness. Certain developments indicate the possibility of the stiffen- 
ing of this product with the retention of its excellent ductility. 

Due to the low annealing temperature of high-grade zinc, which makes 
it practically self-annealing at room temperature, it is unnecessary to 
anneal products drawn from this grade of strip between successive draw- 
ing operations. It has been found desirable to maintain the stock and 
dies for these operations at a fairly warm room temperature, 80° to 85° F. 
A serious drop in ductility may be encountered if the metal is drawn or 
formed at temperatures below 60° F. Actual annealing of the stiffer 
cold-worked grades of rolled zine occurs at temperatures in the neighbor- 
hood of 212° F. and usually results in a grain coarsening with correspond- 
ing detrimental changes in important physical properties. 


DETERMINATION OF DESIGN FOR SUCCESSIVE OPERATIONS 


In the deep drawing of zinc the metal is formed during the successive 
steps into the desired shape without a reduction in the thickness of the 
stock at any time. The following directions have been found useful in 
determining the design of successive drawing operations: 

1. Compute the total area of the finished cup and add to this sufficient 
area to allow a trim of 14 in. on the finished cup. 

2. Calculate the diameter of the circle of a blank having the above 
area. 

3. The reduction in diameter? from the blank to the first cup should 
not exceed 40 per cent. of the diameter of the blank. 

4. The reduction in diameter? of succeeding cups should not exceed 
20 per cent. of the preceding cup. 

5. Die clearances should be twice the thickness of the stock plus 0.001 
or0.0015in. Filets should be generous. 

6. Soapy water is a very satisfactory lubricant. 

When machining is necessary particularly with the purer grades of 
zinc an excessively long chip is encountered. This has been successfully 
overcome by the use of tools with a greater rake than is normally used. 


* A flange must be included in the diameter. 


Commercial Forms and Applications of Aluminum and 
Aluminum Alloys 


By P. V. Faracuer,* New Kensineron, Pa 


(Detroit Meeting, September, 1927) - 


A METAL or alloy finds its place in commerce in proportion to its ability 
to serve certain purposes better and more economically than other 
materials. While there is some overlapping of the fields of application of 
the various metals under discussion in this symposium, each one has its 
uses for which it is especially adapted. While aluminum is the most 
recent of the metals to enter the field, the development of the industry 
has been based on its peculiar properties, by virtue of which new uses for 
non-ferrous metals have been created. There has been substitution of 
this new metal for other members of the group but there has been a far 
greater development in entirely new fields. 

In common with the other non-ferrous metals, aluminum is resistant 
to atmospheric corrosion. It also withstands the action of many of the 
common chemical reagents, strongly alkaline substances being the notable 
exceptions. The outstanding properties on which the application of 
aluminum is based are its low specific gravity and its ease of fabrication 
into the forms in which it is used. 

It is noteworthy that this property of specific lightness is retained in 
all the commercial aluminum-base alloys. This statement does not 
apply to aluminum bronze; this is more properly a copper-base alloy, 
since aluminum enters into its composition to the extent of only about 10 
per cent. None of the commercial casting alloys of aluminum has a 
density exceeding that of the parent metal by more than about 10 per 
cent., and some are actually lighter. In the so-called “strong alloys” 
of aluminum in which strengths comparable to that of mild steel 
are developed by heat treatment, the greatest increase in density is 
only slightly more than 3 per cent., and one of these, also,‘is lighter 
than aluminum. 

This property of lightness combined with the desirable mechanical 
properties of the alloys, makes aluminum especially suited for parts of 
moving assemblies where saving in power, as well as a decrease in stresses 
resulting from inertia and vibration, are of importance. 


* Technical Direction Bureau, Aluminum Co of America. 
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Ture Economy or ALUMINUM 


Even where the property of lightness is not essential to the service 
which the part is to perform, the low specific gravity enters into the cost 
considerations; because of its lightness, the metal cost may be lower 
than would result from the use of a metal whose price per pound was very 
much less. In some applications, the greater ease of machining or of 
finishing must also be taken into consideration in order that aluminum 
shall be considered from the standpoint of economy. ‘These points will 

-be taken up again in connection with certain specific cases. 

Other properties which contribute to the demand for aluminum are 
its high conductivity for heat and electricity, and the fact that its com- 
pounds are colorless and are not harmful to the human organism, at 
least in amounts considerably greater than those which may be present 
from the use of aluminum in the preparation or packing of foods or 
beverages. The ease with which the metal can be polished to produce a 
pleasing and enduring finish is also of interest for some purposes. 

The term ‘“‘aluminum” is commonly used rather loosely to designate 
the alloys as well as the metal of commercial purity, for example, “alum- 
inum pistons” or “aluminum castings.” Similarly, the commercially 
pure metal containing from 99.0 to 99.3 or 99.4 per cent. aluminum, the 
remainder consisting largely of iron, silicon and copper introduced in the 
process of electrolytic reduction, is called ‘‘pure aluminum” when it is 
desired to distinguish it from its alloys. 


Errect oF ImMpuRITIES IN ALUMINUM oF HiaH PurRITY 


A study of the properties of aluminum of very high purity (99.983 
per cent. aluminum) has shown that the few tenths of a per cent. of acci- 
dental impurities which are present in the commercial grade exercise a 
marked influence on its properties. The tensile strength of commercially 
pure aluminum is approximately 50 per cent. greater than that of the high 
purity metal, and the behavior toward certain reagents is materially 
altered.! Similar differences have been reported for some of the other 
non-ferrous metals. 

In one sense of the word, commercially pure aluminum is to be con- 
sidered as a very dilute natural alloy. This metal shows a considerable 
improvement in tensile strength, yield point and hardness, together with 
some loss in ductility and in chemical resistance. The mechanical prop- 
erties of this metal which is commonly, if not most accurately, designated 
as “pure aluminum”’ are substantially as shown below: ; 


1J. D. Edwards: Properties of Pure Aluminum. Trans. Am. E 
Tere - Am. Electrochem. Soc. 
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Tensile Strength. oe; 2 12,000 to 16,000 lb. per sq. in. 
Yield Point ete Pees a ase 0h 4,000 to 7,000 lb. per sq. in. 
LETRA ee Pie en I ae 30 to 45* per cent. in a gage length 


equal to four times the 
diameter of the test speci- 
men. 
Brinctinbiardnessty: Sui Stiue-e <2, ac 10 mm. ball, 500 kg., load 22 to 27. 


* Because of the influence of the cross-sectional area of the test specimen on the 
measurement of elongation when a fixed gage length is wsed, elongation values will be 
given for a gage length proportional to the diameter of the specimen or the appproxi- 
mate dimensions to which the values apply will be indicated. For thin aluminum 
sheet or small wire, the elongation, as commonly measured; in a 2-in. gage length may 
be as low as 15 per cent. 


The rather wide range of values for the various properties is occa- 
sioned by the relatively wide limits on ‘‘commercial purity” and by the 
effect of variations in metal structure brought about by the rate of chilling 
in the case of castings or by the nature of the working and subsequent 
annealing operations to which the metal may have been submitted. 


COMMERCIALLY PuRE ALUMINUM 


Commercially pure aluminum is practically never used without the 
addition of an alloying element in the manufacture of commercial castings, 
because of its relatively low strength and because of its difficult foundry 
characteristics: The exceptions which make necessary the reservation 
in this statement are those few cases in which the electrical or chemical 
properties of the relatively pure metal require its use. This metal, called 
2S in accordance with the principal domestic manufacturer’s nomencla- 
ture, is, however, fabricated into all the forms in which metals are com- 
monly supplied; to enumerate: sheet both flat and strip, plate, foil, 
bar, rod, wire, seamless tubing and pipe, molding and shapes both 
extruded and rolled, rivets, stampings, ingots of various forms and 
special apparatus. 

Most of these products are supplied in various tempers, the increase in 
hardness being accomplished by strain-hardening the metal by cold work. 
Some few of these products from the nature of the fabricating process are 
not produced in all tempers, or at least not in allsizes. Extruded material 
will naturally be in substantially the soft temper since the temperature of 
extrusion is in excess of the instantaneous annealing temperature of the 
metal. Bar and rod are not regularly produced in the full hard temper in 


34 in., in the half hard temper the maximum size is 24 in. 


sizes larger than 
ere a demand 


Larger sizes could be produced in these tempers if there w 
for them, but where higher mechanical properties are desired, alloy rod is 


usually supplied. 
The standard tempers for 
property ranges are shown in Table 1. 


aluminum with the approximate mechanical 
These tempers are produced by 
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reducing the cross-sectional area of the metal by appropriate amounts of 
cold work subsequent to the final annealing operation. 


Tapue 1.—Standard Tempers and Approximate Property Ranges of 


Aluminum 
I 
i Elongation, * 

Temper Elle apn gi Pesuantase ing In. 

Soft 12,000 to 16,000 30 to 45 
14 Hard 14,000 to 18,000 5 to 10 
14 Hard 16,000 to 20,000 3to7 
34 Hard 19,000 to 23,000 1to4 

Hard 22,000 (minimum ) 1to4 


* Elongations obtained on sheet in Brown and Sharpe gages 10 to 28 using the test 
specimen recently adopted by the American Society for Testing Materials, in the 
intermediate tempers, the specimen is taken parallel to the direction of rolling. 
Using standard 14-in. test specimens, these elongation values would be very sub- 
stantially increased. 


In producing sheet in these various tempers, the amount of cold work 
is determined by the change in thickness; since there is very little widening 
of the sheet in the rolls, the change in cross-sectional area is proportional 
to the change in gage. In the case of flat sheet, the number of gage 
numbers reduction subsequent to the final annealing operation is as 
follows: 2 gage numbers for 14 hard, 4 gage numbers for half hard, 8 
gage numbers for 34 hard and a minimum of 12 gage numbers for full 
hard. In the case of strip rolling, it has been found that there is a slight 
difference in the reduction required to produce the same tensile strength. 
This difference is probably due to the difference in the rate at which the 
thickness is reduced in the two processes. For bar and tubing, it is 
necessary to calculate the areas at annealing gage which will give corre- 
sponding percentages of reduction in the finished product. 

There is some overlapping of the mechanical property limits for the 
various tempers. The explanation for this is similar to that given pre- 
viously when discussing the properties of the annealed or cast metal: 
variations in chemical composition and in the annealing operation, and 
in addition, the variations from the desired thickness at either the 
annealing gage or the final gage, which are inevitable in commercial 
rolling practice. 

Sheets in either the 14 hard, 14 hard or soft tempers can be bent flat 
on themselves in any direction without cracking. This fact is mentioned 
since it is a more accurate indication of the ductility or ‘workability ”’ 
of the metal than Is the elongation. This latter property is very appre- 
ciably lower in the intermediate tempers when the test specimen is taken 
perpendicular to the direction of rolling, so much so that it fails to serve 
adequately to distinguish between the tempers. 
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The effect of strain-hardening the metal is shown quite clearly in 
Table 1. The increase in tensile strength through the range of reductions 
shown is very closely proportional to the reduction in cross-sectional 
area; for higher reductions, the rate of increase becomes progressively 
greater than would be expected from this proportional relationship. 
This connection between rate of reduction by cold work and increase in 
tensile strength has been studied by R. L. Templin, Chief Engineer of 
Tests of the Aluminum Co. of America, who ‘has derived an empirical 
formula which is in very close agreement with the data. The tensile 
strengths for the different tempers are so chosen as to be stronger than - 
the annealed metal by the appropriate fraction (14 for 14 hard, ete.) of 
the range in strength between full hard and soft metal. 


38 ALLOY 


Except the so-called ‘‘strong alloys” in which the mechanical proper- 
ties are susceptible of improvement by heat-treatment processes, there is 
only one alloy which is produced in this country in a wide variety 
of wrought forms. This alloy, called 3S by the principal producer, 
contains approximately 114 per cent. manganese in addition to the usual 
impurities of commercial aluminum. It is obtainable in practically all 
of the forms enumerated for the commercially pure metal. Alloys con- 
taining small amounts of copper, or copper together with manganese or 
zine and occasionally an alloy of nickel with aluminum may be rolled 
into sheets or rods but the tonnage is small. 

The addition of manganese to commercial aluminum to form 38 alloy 
is practically without effect on the corrosion resistance; in some cases this 
alloy appears to give even somewhat better results than 28. This is 
noteworthy, since, in general, the gain in mechanical properties resulting 
from the alloying operation is attended with some loss in the, ability to 

withstand severe corrosive conditions. 


TABLE 2.—Mechanical Properties of Aluminum-manganese (1.25 Per Cent.) 


Alloy (38S) 
i Elongation, * 
Temper te ely Le ee In. 
Soft 15,000 to 18,000 15 to 30 
14 Hard 18,000 to 22,000 5 to 8 
1g Hard 20,000 to 24,000 2 to 6 
34 Hard 24,000 to 29,000 1 to 4 
Hard 27,000 (minimum ) 1 to 4 


* Minimum values obtained with sheet in gages 10 to 28; sheet in intermediate 
tempers tested parallel to the grain. Standard 14-in. round specimens show distinctly 


higher values. 
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In this alloy as in commercially pure aluminum, the various tempers 
are produced by cold-working the metal after annealing. The same 
standard tempers are supplied, the mechanical properties being in accord- 
ance with Table 2. 

In general, the statements made above concerning commercially 
pure aluminum apply also to this alloy. It is of interest, however, 
that in this case there is less difference between the properties produced 
by a given amount of reduction in the flat-rolling and strip-rolling proc- 
esses than there is in the case of the 2S metal. This alloy gives appre- 
ciably higher properties, particularly in the harder tempers, with only a 
small decrease in elongation as compared with 2S metal. 


Users FOR COMMERCIALLY PURE ALUMINUM 


Commercially pure aluminum or 28, has a great diversity of uses. 
For drawing, stamping and spinning, for the manufacture of cooking 
utensils, tanks and containers of various types, this metal in the form of 
sheet or strip is used most extensively. In fact, the producers supply a 
large tonnage of sheet ready blanked or sheared in the form of “circles” 
ready for use on draw presses or spinning machines. In order that the 
finished part shall be as stiff as possible, the hardest temper which will 
withstand the fabricating operation without excessive loss due to cracking 
or tearing, is chosen. The greatest production for these purposes is in 
the soft and in the half hard tempers. 

“Flat sheet”? has a bright planished surface while the strip sheet is 
slightly gray in appearance and shows superficial surface striations or 
“grain” in the direction of rolling. Strip sheet is readily polished, 
however, to produce the bright finish which is seen on high grade 
aluminum ware. 

For automobile body work, flat sheet in a temper intermediate between 
the standard half hard and three-quarter hard is used. For the gages 
which are most commonly used, the manufacture is somewhat simpler 
than for the half hard temper and the added strength and hardness are 
desirable. The material retains sufficient ductility or ‘ workability” 
to permit the necessary forming operations. 

The manganese alloy “3S” is used much the same as “‘2S,”’ where 
somewhat greater strength or stiffness is desired and the forming opera- 
tion 1s not too severe for the metal to withstand without failure. In 
the hard temper, the properties of this alloy are adequate for a consider- 
able range of uses. The yield point is about two-thirds that of the 
strong alloys, hence, where little forming is to be done and the highest 
properties are not essential, this alloy is extensively used. 

Both “28” and “3S” can be welded, using the oxy-hydrogen flame 
and a suitable flux, although somewhat more skill is required in handling 
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38. Special apparatus for use in the chemical or food industries is made 
up from sheet or plate, tubing, etc., formed into the desired shape and 
assembled by welding, or by a combination of welding and riveting where 
higher pressures may be encountered. 


COMMERCIAL Size Limits or ALUMINUM PrRopuUcTs 


The listing of commercial size limits on various products presents 
some difficulties, and before attempting such a list, some word of explana- 
tion must be given. The commercial size ranges do not, in most cases, 

TABLE 3.—Foil, 


{Special Aluminum] 


Thickness (In.) C Tae UAT Width 
erg eng Sq.In. per Lb) (in,) Hemarks 
0.00035 to 0.005 29,200 to 2,050 7g to 15 Furnished in coils wound 
(Tolerance (Tolerance (Tolerance on mandrels of alumi- 
+10%) +10%) +149 in.) num tubing 156 in. 


a DS or) cute rec- 
tangles having a maxi- 
mum length of 40 in.; 
plain, paper inter- 
leaved or wax paper 
backed; also embossed, 
printed or lacquered in 
standard colors. 


Taste 4.—Flat Sheet* 


[Commercially Pure Aluminum (28) and Aluminum Manganese Alloy (38)] 


Thickness Thickness Tolerance Plus or Minus 
B. & 8S. Widths 
In. bie | Widths, f Lengths, 
mate) 20In.and | Over 20 | Over 36 In. In. 
Less | to 36 In. | to 60 In. 

0.005 to 0.013} 36 to 28 | 0.0015 | 0.0015 14 to 36 | up to 180 
0.014 to 0.018 | 27 to 25 0.002 0.002 0.002 1% to 40 | up to 180 
0.019 to 0.029} 24 to 22 0.002 0.002 0.003 yy to 48 | up to 180 
0.030 to 0.072} 21 to 14 0.0025 0.0025 0.003 14 to 60 | up to 180 
0.073 to 0.144; 13 to 10 0.003 0.0035 0.004 14 to 60 | up to 180 
0.115 to 0.219 9to 4 0.005 0.006 0.007 14 to 60 | up to 180 
0.220 to 0.250 BO 0.007 0.008 0.009 14 to 60 | up to 180 


$$ __ ——_____ _ 


* Special rolling practice is required to produce: 34 hard sheet thicker than 
0.162 in. (6 ga.); hard sheet thicker than 0.102 in. (10 ga.). 

} Widths up to°105 in. and lengths up to 25 ft. can be supplied in thicknesses over 
0.102 in. except that the maximum weight of the sheet shall not exceed 400 Ib. 
These limits, exceeding the ordinary commercial limits, may be commercial in 


suitable quantities. 
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TaBLE 5.—Strip Sheet 
[Commercially Pure Aluminum (28) and Aluminum Manganese Alloy (38)] 


Thickness Thickness Tolerance Plus or Minus 
Widths 
B. & S. 
Widths, 
In. Gesent 4 to . Over 12 to Tha Lengths 

mate) 12 In 27 In. 
0.005 to 0.010} 36 to 30 0.001 14 to 14 | Supplied in coils or 
0.011 to 0.016) 29 to 26 | 0.0015 4 to 16 | flattened. Contin- 
0.017 to 0.040| 25 to 19 | 0.002 0.0025 14 to 18 | uous strips or cut to 
0.041 to 0.102} 18 to 10 0.003 0.003 \% to 35 length. 


Ba I ai en i te ee eg 


TaBLE 6.—Plate 
[Commercially Pure Aluminum (2S), and Aluminum Manganese Alloy (35)] 


| 


Thickness, In. Widths Lengths Remarks 

(Tolerance +4 per cent. — ° Maximum weight of single 
of nominal) plate 400 lb. 
1.0 to 0.26 Maximum commercial thick- 


ness for tempers other than 
soft: 
14 Hard not over 13%¢ in. 
lg Hard not over % in. 
34 Hard not over 1349 in. 
Hard not over 14 in. 


* Dimensions are largely governed by the weight and dimensions of the largest 


Maximum length = 


' nee 7 
commercial rolling ingot. SAAN) in HD A i 
Wiselonece x In. up to a Maximum 


of 300 in. (25 ft.). Maximum width will vary with the thickness and length of the 
plate, from 105 in. downward. Slabs thicker than 1 in. can be produced although 
metallurgical characteristics will depend upon the amount of rolling done on the ingot. 


TaBLE 7.—Rolled Rod and Bar 


(Commercially Pure Aluminum (28), and Aluminum Manganese Alloy (38)] 


Maximum Dia. or Distance across Flats (In.) 


Temper 
Shape oie iv: 7 Tae 1 ee 
Soft Half Hard Hard 
ROU dee its. n a Ao 34 234 36 
pauate at cynic Ade BP Cee 144 14% 36 
El exa ronments ceo 14 1% 36 
* 
INSGEMNVIES aan oa benueSeccenosccen 144 by 2 144 by 2 34 


. ; 
Larger sizes may be manufactured b 


sawl i i i 
Aa aan y ing plate to desired width, in tempers 
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represent the maximum possibilities but rather the limits which are readily 
obtained in normal routine operation. By a modification of this prac- 
tice, which may be warranted if a sufficient poundage is involved, the 
commercial limits may be extended. Moreover, advances in the fabri- 
eating practice are continually being made, and any statement as to 
limiting sizes may be obsolete almost before it is published. With this 
preliminary note, the tables indicating size ranges are presented. 

While the practice in the sheet steel industry of manufacturing sheets 
only in definite gages and in standard sizes is desirable from the 
standpoint of operating economy, this practice has not as yet been 
possible in the aluminum industry because of the varied demands which 
arise in developing new uses and applications fora metal. Consequently, 
it may be stated that aluminum sheet and plate are rolled in any thickness 
and sheared to any size which is within the limiting ranges. Naturally, 
only certain standard sizes and gages are carried in warehouse stocks. 


EXTRUDED SHAPES, Moupine, Rops anp Bars 


Limiting dimensions vary with the shape; heavy sections can be 
extruded in sizes up to 5 in.; in certain lighter sections the greatest 
dimension may be as much as 6 in. Minimum thickness of sections is 
usually not less than 0.125 in. (Except when stock dies are available, 
commercial production of shapes is limited to quantities sufficient to 
warrant manufacture of extrusion die.) 


TaBLeE 8.—Dimension Tolerances of Rod, Bar and Shapes 
[Commercially Pure Aluminum (2S) or Aluminum Manganese Alloy (35)] 


- - . Rolled or Drawn Tolerance Extruded* Tolerance 
Nominal ihe gene Plus or Minus, Plus or Minus, 
, In. In. 
Up to 0.125 0.002 0.007 
0.126 to 0.500 0.002 0.010 
0.501 to 1.000 0.003 0.015 
1.001 to 1.500 0.005 0.020 
1.501 to 2.000 0.008 0.020 
2.001 to 3.25 0.008 : 0.025 
3.25 to 6.00 | 0.025 


* Closer tolerances can be met by following the extrusion operation with a sizing 


draw. 
Extruded material will be substantially in the soft temper. 


TUBING 


Seamless tubing is regularly made in sizes }4 to 676 in. and in wall 
thicknesses from 0.022 to 0.300 in. (Stubbs gages 1 to 24), the wall thick- 
ness range for a given diameter varying with the diameter. The maxi- 
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mum length is 45 ft. with the limitation that the maximum weight of the 
tube shall not exceed 55 1b. In the annealed temper the length is further 
limited by available furnace equipment, to 30 ft. Similarly, the harder 
tempers cannot be produced in the largest size tubes nor in tubes in which 
the ratio of diameter to wall thickness is too great. 


Srrona ALLOYS 


Reference has been made in the preceding pages to the strong alloys, 
of which there are several in commercial production. This term is 
usually used to designate the wrought alloys because of the fact that the 
heat treatment process, to which these alloys owe their exceptional 
properties, is most effective in material in which the cast structure has. 
been destroyed by working. Some very striking results are obtained with 
certain casting alloys, however, and these will be discussed under 
that heading. 

These strong alloys were developed as a result of the efforts to obtain 
materials having tensile properties comparable with those of steel and at 
the same time, having the lightness and other valuable properties of 
aluminum. The measure of success which has been attained will be 
seen by reference to Table 9. This table does not purport to list all of 
the alloys in this class but includes only those for which mechanical 
data are available from actual commercial production and which can be 
had readily in this country. The nominal compositions are shown in 
Table 10. 

The various tempers in these alloys are obtained by variations in the 
heat treatment to which they are subjected, and not as in the case of 28 
and 38 by strain hardening. For a proper understanding of the table, 
a brief explanation of the symbols and the corresponding heat treatment 
is desirable. 

These materials, like most other metals, strain harden when they are 
cold-worked, consequently, after a certain amount of reduction by cold 
work, they must be annealed before they can be worked further. This 
annealing is accomplished by heating to a suitable temperature and allow- 
ing the metal to cool. The metal is then in its softest state, and in the 


case of the alloys of the Aluminum Co. of America, this condition is 
indicated by the symbol 0. 


Heat TREATMENT 


In order to develop the maximum properties of the alloy, it is heated 
to the proper temperature, quenched and then aged. This heat-treating 
temperature is considerably higher than the annealing temperature 
referred to above. The heating and quenching develop tensile properties 
very considerably higher than those for the alloy in the annealed state. 
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The aging process is necessary, however, to produce the high strength 
yield point and hardness which are desired for most uses. Some éf 
these alloys age spontaneously at ordinary temperatures, the process 
being practically complete in a few days, the others must be subjected to 
a second heating operation or artificial aging to accomplish the maximum 
results, although with one exception (258) all experience some improve- 
ment at ordinary temperatures. The alloy which has been treated to 
produce its maximum properties is designated by the symbol “T.” 
In case the alloy has not been given its characteristic aging, the temper is 
called ‘“‘as quenched,” designated as “W.” This symbol is used with 
51S and Special 17S which have been heated and quenched and then kept 
at ordinary temperatures even though some hardening does occur, since 
they are still capable of considerable improvement by their characteristic 
aging processes. 


TaBLE 9.—Mechanical Properties of Strong Aluminum Alloys 


eee ee ee ee 


Mer ionest Brinell Order in 
Alloy Tegra Seong. |p Xila ung, | son, Bor] Rape lnctesing 
Zan el ere tt Ws Cold 
Bends 

51SO............] 14,000 to 19,000) 4,000 to 6,000) 15 to 30} 25 to 32 1 

BIS Wistarsintas 30,000 to 40,000 15,000 to 20,000] 20 to 30 55 to 70 6 

[SVS te Bee cp Senate: 45,000 to 50,000 30,000 to 40,000) 10 to 18 90 to 100 12 

LSS OE eee 23,000 to 35,000 7,000 to 12,009) 12 to 20 45 to 55 5 

Bato oe tee atte 45,000 to 53,000 15,000 to 30,000 15 to 22 68 to 85 9 

ZASSHI Seorebd et atin oy 55,000 to 63,000 30,000 to 40,000) 16 to 25) 90 to 105 11 
17SO and an- 
nealed duralu- | 

Nee on eS oe 25,000 to 35,000, 7,000 to 10,000) 14 to 22| 45 to 55 4 
17ST and duralu- 

min...........| 55,000 to 63,000 30,000 to 40,000 18 to 25) 90 to 105 10 

IBS WASK Oe sateen 20,000 to 25,000) | 20 to 28 | 30 to 40 3 

AO ee 42,000 to 50,000 20,000 to 25,000 20 to 28 | 65 to 85 8 

ENINCAS\ OR ie Acedia 20,000 to 25,000) 20 to 28 30 to 40 2 

BUST Fit ns, 35,000 to 45,000 15,000 to 20,000 20 to 28 55 to 75 7 

Special 17SO..... 25,000 to 35,000 7,000 to 10,000, 12 to 20 42 to 55 4 

Special 178T..... 63,000 to 70,000 50,000 to 55,000| Sto 14 95t0 125) 13 


Note.—Certain modified grades of duralumin are also manufactured. Alloys 
51S and 25S are covered by patents owned by Aluminum Co. of America. 


As was stated previously, the maximum benefit of heat treatment 
depends upon a thorough working of the alloy prior to the heating and 
quenching. In the case of certain larger sizes of products, it is not feasible 
to introduce this optimum amount of work in present commercial pro- 


duction. With a sufficient demand for such materials to warrant the 
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installation of more suitable equipment and operating methods for their 
production, further improvement can doubtless be produced. 


TaBLE 10.—Nominal Compositions of Strong Alloys 


$$ ee 


Alloy peoepeny lit Manus neers Wine Gea, Me Parone 
7 oO ee ae — eee 
U7 SrancecuraumMiiibe erento 4.0 0.5 0.5 
Date WANE. Asi sieet tMOy ina RANG aria 4.5 0.8 0.0 0.8 
51S yates lis states: Bs Saeed 0.6 1,0 
INT ASE eo tR ee OE Bee OORT SO Cine #4, 3) 0.3 
BUTS epee osc Neurusacuert easds aaa 30) O28 
Special el (Spire cctn keer en 4.0 0.6 O75 i B45 


l | 
a 


Note.—Composition specifications include a minimum aluminum content so 
chosen as to permit the normal impurities, and in some cases, small additions of other 
elements for specific purposes. Where not otherwise indicated, iron and silicon are 
present in amounts usually found in commercial aluminum. 


The mechanical property data as given in Table 9 are, therefore, to 
be considered as applying to products in the intermediate sizes or thick- 
nesses. Heavier or thicker material may show tensile strengths lower 
than the minimum listed, by some few thousand pounds per square inch, 
and elongations lower by a few per cent. One factor which contributes 
to the lower elongation of heavier bar or sheet is the fact that the straight- 
ening or flattening operation after the quench introduces relatively more 
strain hardening with its very pronounced effect on the elongation, than 
is experienced with thinner stock. °A similar effect though not so great 
is observed with wide sheets, even in thinner gages. Also, very thin 
sections will show lower elongations due to the effect of the cross-sec- 
tional area of the test specimen on this property. To be specific, sheets 
in thicknesses 0.021 to 0.128 in., that is in Brown and Sharpe gages 
heavier than 24 to 8 inclusive, and rolled bar up to 1 in. may be expected 
to have the properties indicated; in extruded sections even larger sizes 
fall in this range. 


Range of Strengths 


These alloys, while of relatively recent development, have already 
found very extensive application as materials of construction, possessing 
as they do a very high ratio of strength to weight. The most generally 
used are 178 and duralumin, 25S and 518. As will be seen by reference 
to Table 9, these alloys in their various tempers cover quite completely 
the entire range of strengths from a value only slightly greater than that 
of commercially pure aluminum up to 70,000 lb. per sq. in., the yield 
points varying correspondingly. The elongation and the ability to with- 


stand various forming operations are dependent both on the alloy and on 
the temper. 
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Only a few of the outstanding characteristics of the various members 
of the group can be enumerated. From the standpoint of corrosion 
resistance, none of these alloys is the equal of commercial aluminum, the 
gain in mechanical strength has been attended in every case with some 
loss in this property. The temper of the metal has a very great influ- 
ence on the ability to withstand attack. In every case the best resistance 
is possessed by the metal which has been heated and quenched without 
a subsequent heating operation either to artificially age or to anneal 
the alloy. 


Strength, Ductility and Corrosion Resistance of 17S and Duralumin 


This means that 17S and duralumin show the highest combination of 
strength and ductility together with maximum corrosion resistance. 
Consequently, where even superficial attack would be serious, as in thin 
highly-stressed sections such as are used in air craft, these alloys are 
universally employed. In addition, a protective coating is used to further 
insure their safety. 

However, in ordinary applications, all of these materials in all tempers 
possess adequate corrosion resistance as is evidenced by their satisfactory 
performance in a wide variety of uses. Some of the other alloys are 
more easily manufactured and are, consequently, less expensive than 
duralumin or 178; it is only natural that they should find a continually 
increasing use in those applications where their properties are adequate. 

The tensile properties of 25S alloy in the fully heat-treated temper 
(25ST) are nearly the same as those of 17S or duralumin. It is not so 
easily formed, however, and where a difficult drawing or bending 
operation must be withstood, it is not quite the equal of those alloys. 
Where these problems do not enter, it may frequently be substituted 
because of its lower cost. When properly handled, 25S can be forged 
readily; probably the greatest production of commercial forgings is 
from this alloy. 

The alloy 51ST does not have as high a strength as 17ST and 25ST by 
about 10,000 Ib. per sq. in., although its yield point is substantially the 
same. ‘This rather remarkable fact is responsible for the extensive use of 
this metal. In the fully heat-treated temper, it is not easily worked, 
but this shortcoming can be overcome by carrying out the fabrication 
processes in the ‘‘as quenched” temper in which condition it is consider- 
ably more ductile than 17ST or 25SW. ‘The finished part can then be 
artificially aged to develop the maximum properties of the alloy. 

The modified grades of 17S—A17S and B17S—were developed to 
supply materials capable of withstanding more severe fabricating opera- 
tions than are possible with 17S or duralumin. Special 17ST, on the 
other hand, is used where the maximum possible strength and yield point 
are desired. Here again, the forming possibilities are limited, but as in 
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the case of 518, the metal may be formed in the “as quenched”’ temper 
(Special 17SW) and the artificial aging be performed on the finished part. 

It is not always possible to state in advance just which of these alloys 
is best suited for a given case. It is usually necessary to determine by 
actual trial which can be used most satisfactorily and still give the pro- 
perties required in service. For automatic screw machine work, 17ST 
or duralumin.rod has been found to give the best results. Forgings are 
usually made from 258 and 518 although duralumin is also used for 
this purpose. 


STRUCTURAL SHAPES—HOT-PRESSING OF 17S 


One of the interesting recent developments is the hot-pressing of 178 
to form angles, channels and other structural shapes from heavy plate. 
Such heavy material cannot be bent cold around a sharp angle, but at 
higher temperatures, the bend is easily accomplished. The forming 


; ee ‘ 
Fr ei RAILWAY PASSENGER CAR IN PROCESS OF CONSTRUCTION BY THE PENNnsy 

‘ NIA KVAILROAD, SHOWING USE OF ALUMINUM AND ITs ALLOYS: A, 17ST SHEET; B 

OT-FORMED 17ST; C, WINDOW BRACKET oF 195 H-T CASTING; D ALUMINUM cue 

? 4 . 


temperature may frequently be in the range of heat-treating tem 

tures, and the cooling in the forming dies proves to be a very eff ae 
quench. The result is that the forming and: heat-treating i ee ee 
plished in the same operation, and there has been no warping or fries 
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of the material as would be experienced in the water quench used in the 
usual heat treatment operation. Such sections have been used in the 
construction of railway passenger cars (Fig. 1), street cars, buses and 
the like, and this application is increasing in amount. 

Standard structural shapes are also produced by extrusion in sizes up 
to about 5 in. The maximum lengths are determined by the weight of 
the billet which can be extruded—approximately 85 Ib. of finished product 
—or by the available heat-treating equipment’ which at present places a 
limit of about 24 ft. on the length on the alloys which do not require 
artificial aging. Work is in progress at the present time to increase this 
length, and it is anticipated that in a short time this limit will be set by 
the ability to straighten the shapes after heat treatment except as the 
weight limitation may enter. It is probably only a question of time 
before this latter restriction will be removed by the development of rolled 
shapes starting with larger rolling ingots. In 51ST, 25ST and Special 
17ST where artificial aging is required, the maximum length is 16 feet. 


SRY e At Ly; 


The copper, nickel, magnesium alloy with aluminum commonly known 
as “Y” alloy, while stated to be satisfactory for the manufacture of 
forgings, is not used in this country except for castings. 


COMMERCIAL ForRMS OF STRONG ALLOYS 


These alloys are manufactured in a wide variety of forms, in fact, the 
list is nearly identical with that given previously for commercially pure 
aluminum. ‘The thicknesses for sheet and plate range from about 0.008 
to 2.5in. Even thinner material has been produced but this can hardly 
be considered commercial at the present time. The widths and lengths 
which can be produced vary with the gage as may be seen by reference to 
Tables 11 and 13. Again it should be stated that these tables represent 
the normal commercial limitations and are not necessarily the maxi- 
mum sizes that can be produced. The thickness tolerances vary from 
+0.0015 in. for thin sheet to 0.004 in. for very wide sheet 0.091 in. thick; 
in heavier sheet and plate, the tolerance is +5 per cent. of the thickness. 

Tubing 

Tubing is regularly manufactured in diameters from }4 to 4 in., the 
wall thicknesses varying from 0.028 to 0.165, the more usual alloys being 
178 and duralumin, 51S and 25S. Not all wall thicknesses in this range 
are possible with all diameters of tubing; as the diameter increases, the 
minimum and maximum wall thicknesses increase correspondingly. In 
addition to round tubing, other shapes are produced, for example, square, 
rectangular, oval, “‘stream line” and other special shapes. Even larger 
sizes than 4-in. are manufactured in 51S alloy due to its greater ease of 
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working in the softer tempers, in fact, the size ranges for 28 and 35 apply 
to this alloy, also. The diameter tolerances vary from +0.003 in. forthe 
small sizes to +0.010 in. for the largest tubes; the tolerances are applied 
to the pi-tape reading or to the mean of two readings taken at right angles 
to each other. Individual readings may deviate from the nominal by an 
amount double these tolerances. The wall thickness may deviate from 
the nominal by £10 per cent..of the thickness. The maximum lengths 
are determined by the weight of the bloom, 40 lb., or by the available 
heat-treating capacity: 24 ft. where aging is not required and 16 ft. for 
51ST, 25ST and Special 17ST. 


TaBLE 11.—Strong Alloy Plate 


a ———— 


Maximum Length, In. 
Width, In. Thickness of Plate 
2 In. opeine 1 In. | 0.5 In. 0.375 In. 
Up to 10 38 53 82 168 168 
ts 25 35 50 110 168 
20 i 27 40 | 85 120 
25 32 | 70 90 
30 55 75 


Note.—Lengths are given for the actual thicknesses indicated. Up to 168 in. the 
length is limited by the weight of metal available in the standard rolling-ingot. Inter- 


mediate thicknesses may be supplied in lengths proportional to those shown in 
the tables. 


TasBLE 12.—Strong Alloy—Flat Sheet 


Maximum Lengths, Ft. H Temper 
Thickness, B. & S. Gage, In. 
Width In, 0.250 In..| 0,282 Tn, (QN90 Tn. Shee I en ye ae ee 
2 Ga. 5 Ga. 8 Ga. 14-20 Ga. | 21-24 Ga. | 25-39 Ga. 
heart Ft. Fts a) SPE Ft. Ft. 
17 to LO eee 18 20 20 20 20 20 
Overs lLO0 20 Se eee 14 18 20 20 20 20 
Overs2 Olio. 2 baeraereaeae AL 15 20 20 20 20 
Overs25. tors neem 9 12 19 20 20 
Overn30!vOroo eee 74 10 164% 20 20 
Over 35to 40.......... 7 9 14 20 
Over 40 to 45.......... 6 pee i ao: 20 
Over 45 to 50.......... 4% 615: SLO 


Note.—Lengths given are for the sheet as rolled. At the present time the maxi- 
mum length of commercial heat-treated flat sheet is 14 ft. in any of the widths listed; 
for commercial annealed sheet, the maximum length is 15 feet, 
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Rolled and drawn bar is available in sizes up to 2) in. in round rod, 
and up to 1/4 in. in squares and hexagons. Larger sizes up to 5 in. can be 
produced by extrusion. The same limitations as to- lengths as were 
mentioned when discussing extruded shapes apply here also. The 
tolerances on diameter or distance across flats vary both with the size 
and with the method of fabrication. Rods and bars which are rolled and 
then drawn to size have tolerances from + 0.002 to +0.005 in., depending 
on the size, while rolled bars require a tolerance of +0.008 in. Extruded 
bars may show greater deviations from the nominal diameter, but where 
the close tolerances are desired, they are given a sizing draw. 


TaBLE 13.—Strong Alloy Coiled Sheet (All Tempers) 


Maximum Lengths, Ft. 


| Thickness, B. & S. Gage, In. 


Width, In. | 0.080 | 0.064 | 0.050 | 0.04 0.032 | 0.02 0.020 | 0.016 | 0.013 | 0.010 
In. | In. In. In. In. In. In. In. In. In. 


12 Ga. | 14 Ga. | 16 Ga. 22 Ga. | 24 Ga. | 26 Ga. | 28 Ga. | 30 Ga. 


i 


18 Ga. | 20 Ga. 


| } | | 

ee ere Fs |) we. ie. | Bt Re, ors, 
14 to 16 Sa 34 p34) 60 | 75 | 100"! 120 
\ to 12 | | | | 150 | 100 | 100 


Casting ALLOYS 


As was stated previously, “aluminum castings” are, practically 
without exception, aluminum alloy castings, the alloying elements being 
added to improve both the mechanical properties and the casting char- 
acteristics of the metal. While a great diversity of alloys has been inves- 
tigated and many of them patented, there is a relatively small number in 
general commercial use. There are two factors contributing to this 
result: first, a desire to retain as simple an alloy as possible both from the 
standpoint of composition control and from a consideration of the utiliza- 
tion and segregation of scrap in the foundry; second, the question of cost 
of the alloy element restricts the choice to a relatively small number 
of metals. ' 

In aluminum casting alloys, the increase in tensile strength, yield 
point and hardness is accompanied by a decrease in elongation and by 
some sacrifice of corrosion resistance. The extent to which the various 
properties are affected depends upon the alloying element and upon the 
amount which is added. In general, the strength Increases with increas- 
ing percentage of added element up to a certain point, beyond which the 
only effect is to produce excessive brittleness in the metal. This limiting 
percentage varies widely with different alloying elements. Moreover, 
the properties other than strength vary independently, depending upon 
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the particular alloy composition, that is to say, alloys having the same 
strength produced by the addition of different elements will, in general, 
not have the same clongations, yield point, corrosion resistance or 
foundry characteristics. 

The alloying constituents of aluminum are practically confined to the 
following list: copper, silicon, zinc, manganese, magnesium, nickel 
and iron; and practically all aluminum base casting alloys are made up 
by the addition of one or more of these elements. 


Typres oF CASTING PROCESSES 


There are three different types of casting processes in commercial 
use at the present time: sand casting, in which the metal is poured in a 
mold made of molding sand, the permanent mold process, in which the 
alloy is poured into a mold made of special heat-treated alloy steel, and 
die casting, in which the alloy is forced under high pressure into a steel 
mold. In the permanent mold method, the cores are also made of steel, 
while in the variation of this process known as the semipermanent mold 
method, the cores are made of sand. 

Each of these processes has its rather definite field of application and 
its advantages. The latter two processes are applicable only where a 
large number of identical parts are required, because the cost of the die is 
high. Where only a small number of castings are to be made or where 
the casting is very large, the sand-casting process is obligatory. The 
maximum weight of an aluminum alloy casting poured in a metal mold 
or pressure die cast, seldom exceeds 20 lb. and weights under 10 lb. are 
most common. 

The use of metal molds permits working to closer tolerances and 
produces a better surface. Finishing costs, machining and _ polishing 
are thus reduced to a minimum; for example, for sand castings tolerances 
are expressed in eighths and sixteenths of an inch; for permanent mold 
castings, in thirty-seconds and sixty-fourths; while for die castings, 
thousandths of an inch are used. For this latter class of material, the 
finishing may consist merely of removing fins and polishing. The die- 
casting process 1s especially suited for castings having thin sections such 
as meter cases, typewriter frames, carbureters, fire alarm boxes and the 
like. One of the largest uses of the permanent mold process is in the 
manufacture of pistons for automobiles. 


SAND-CASTING ALLOYS 


Table 14 contains a list of the casting alloys in common use in this 
country, together with their nominal compositions and mechanical 
properties. A brief discussion of the principal fields of application may 
be desirable. All of these alloys are available in the form of castings 


4 
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and practically all, with certain restrictions as regards patent rights, can 
be purchased in the form of ingot for remelting. 

The most commonly used alloys in this country are No.’s 12 and 112, 
both containing approximately 8 per cent. copper, the latter having in 
addition small percentages of added iron and zine. These alloys are 
readily handled in the foundry and are used wherever a general utility 
alloy is adequate for the requirements of the service. In fact, the 
majority of the total tonnage of aluminum alloy castings poured in this 
country is in these alloys. . They are used, for example, in the manufac- 
ture of automobile crank cases, oil pans, motor housings, vacuum sweeper 
parts, ete. 


TaBLe 14.—Aluminum Sand-casting Alloys 
[Properties Obtained from Individually Cast Unmachined Sand-cast Test Specimens] 


: : Elonga- | Approxi- he 
> was Ultimate Tensile tion, mate pproximate 
Aey Approximate Comppsuoe Strength, Percent- Yield, Brinell Hardness 
Oe ent. Lb. per Sq. In. age in Lb. per No. 
2 In. Sq. In. 
100 Aluminumys... sic ee 99.0 12,000 to 14,000 | 15 to 25 4,000 25 
12 Copper ve eee. <a. Se 8.0 18,000 to 23,000 1to3 10,000 65 
; WODDEr sees as «1c. Se Ue 
112 PANG SWE OR ays fee «a ee 1.5 > 19,000 to 24,000 1to 2.5} 11,000 65 (Minimum 60) 
Tron 5b oN Rega ne 
109 Gopper co oee ss sas oe oe 112.0 20,000 to 28,000 0to1.5) 15,000 70 
43 Sibconsiiawesshi oe see 5.0 17,000 to 22,000 3to7 7,000 40 
45 Silicotwgscce ace o> ste 10.0 17,000 to 21,000 |1.5to3 9,000 50 
#47 PULTCONS So. ose sais. > ee 13.0 24,000 to 31,000 5 to 15 
(Modified) a 
*195 Copper 4.0 HTT No. 4........ 28,000 to 38,000 6 to 12 13,500 65 (Minimum 50) 
#195 Copper 4.0 HTT No. 16....... 30,000 to 40,000 3 to 8 21,000 or (Minimum 70) 
*195 Copper 4.0 HTT No. 10....... 36,000 to 50,000 0 to 5 27,000 | 100 (Minimum 80) . 
*196 Copperc tence ccs «ose 5.0 33,000 to 45,000 Oto 2.5} 27,000 | 110 
Heer | 
Zine. SYS sxe eee AL OO } 
*145 WODDER. c2405 nc sexes = ere 2.5 25,000 to 37,000 3 to 6 12,600 65 
Tron? te ope as 2 3 Se 12 
Goppeny...24 sie. 3 sie ee 10.0 
ErOiine areraceysastaacc,cteys Stee 2 20,000 115 
* 35,0C0 to 40,000 | 0to1.0 f 
122 Magnesium, 2)... ....see 0.25 
HTT 10 
see.” Coppetc nek iker cis 4.0 a 
or INTOREL eee es oes 35 2a Ree 20 30,000 to 40,000 |0.5 to 2.0 25,000 | 100 Minimum 
142 Magnesium’. =.-<--s 1.5 
ALT 


* The modification process by means of which the properties specified for No. 47 alloy are Sei 
the production of castings of alloys Nos. 122, 195 and 196 in the heat-treated state, and alloy No. 14 
are covered by patents or patent applications owned by Aluminum Co. of America. 


Where the castings must be leak-proof or pressure-tight, these alloys 
are not suitable. For such service, the copper is raised to around 13 per 
cent. This alloy, listed as No. 109, has less shock resistance than those 


containing less copper and consequently, it is not suitable for use where 
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it is subjected to severe impact stresses. It is used for automobile motor 
manifolds, pump parts and the like. 

By using a copper content of about 9 per cent., adding a smal] amount 
of magnesium and increasing the iron somewhat, the alloy listed as No. 
122 is obtained. This material is used in making castings which are 
subject to wear, such as valve guides, cam shaft bearings, ete. This 


Fic, 2.—Hrat-rreatre 
.—HAtT-TREATED sper ALLOY CASTING. AUTOMOBILE CRANK CASE 
0. 195 aLLoy, wrIGHT 668 LB. 


Peon is Ble en in Be manent ares for me Sa of pistons; 


a at- 


The ae No. 195, having around 4 to 5 
sible additions of very small percent 
interest because of the exce 


o per cent. copper with permis- 
ages of magnesium and zine, is of 
ptional properties which are obtained by heat 
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treatment. While it is true that the working of an alloy very greatly 
increases its capacity for responding to heat-treatment processes, the 
impression which was current some years ago based on ineHeotual 
attempts to produce heat-treated castings, that cast aluminum alloys 
could not be effectively heat-treated, is obviously not correct. Another 
misapprehension which must be corrected is the belief that only small 
simple castings can be heat-treated. Several large complicated castings 
are in regular commercial production; one of these, a large fire engine 
crank case, weighs over 650 Ib. (Fig. 2). It is necessary to design the 
pattern in accordance with the characteristics of the alloy, the principal 
feature being the use of fillets rather than sharp angles between heavy and 
light sections. However, this alloy is strictly a commercial alloy. While 
its tonnage does not compare with that of No. 12 and No. 112 alloy, just 
as the production of steel castings does not compare with that of ordinary 
cast iron, it is, nevertheless, being used in ever-increasing amounts where 
special quality castings are desired. 


Errect oF Heat TREATMENT ON STRENGTH 


Castings are supplied in three different heat treatments. Heat 
treatment 4 gives very good strength combined with a high elongation; 
by a modification of the heat-treating practice somewhat higher strength 
and a much higher yield point are obtained but approximately half of the 
elongation is sacrificed. By a still further change in the heat treatment, 
quite extraordinary strengths are obtained but little elongation is retained. 
The choice between these products will be determined by the nature of 
the service to be performed; where maximum shock resistance is required, 
the higher elongation will naturally be chosen. 

It should be mentioned that in alloy No. 195-HT4, there is some aging 
of the metal at ordinary temperatures; after a period of several weeks the 
tensile strength will show a small increase and the elongation, a slight 
decrease, but the yield point may increase by as much as 50 per cent. 
No. 196 alloy permits the development of higher Brinell hardness than 
is obtained with 195 alloy, and where this property is of importance its 
use is indicated. 

Siticon ALLOYS 


The silicon alloys are a more recent development, but they have found 
a field in the casting industry. These alloys are the most resistant to 
salt water and various other types of corrosion of all the common casting 
alloys. The alloy containing 2 per cent. of manganese, which is some- 
times used for the manufacture of pipe fittings and other small castings, 
alone is comparable with them. They all form dense, pressure-tight 
castings; and in addition, they have good casting qualities, permitting 
the pouring of intricate castings having both thin and heavy sections, with 


120 COMMERCIAL FORMS AND APPLICATIONS OF ALUMINUM 


remarkable ease, They require some care in remelting since they have 
considerable tendency to pick up iron from the remelting equipment if 
it is not properly protected, and this element is objectionable in these 
alloys from the standpoint of lowering the elongation. These alloys do 
have the shortcoming of a relatively low yield point in comparison to 
their ultimate tensile strength. The specific gravities of these alloys 
are lower than that of pure aluminum. 

The alloy containing 5 per cent. silicon, No. 43, is perhaps the most 
widely used in this country, although it finds less favor abroad. This 
alloy has somewhat lower strength than the copper alloys No. 12 and No. 
112 but it has a distinctly higher elongation. Because of its excellent 
casting characteristics, it finds quite extensive use; it has also replaced 
alloy No. 109 for many purposes since it combines excellent shock resist- 
ance with the required pressure tightness. The 10 per cent. alloy, No. 45, 
has slightly higher strength but lower elongation, which latter fact appears 
to have prevented a more widespread use. 

The use of No. 47 alloy containing 13 per cent. silicon, in sand castings 
necessitates the use of one of the patented modification processes if 
desirable mechanical properties are to be obtained. When cast in sand 
without such modification, the strength is much lower than the values 
shown in the table and the alloy breaks with a coarsely crystalline brittle 
fracture, in marked contrast to the fine silky fracture of the modified 
alloy. This alloy is quite extensively used in Germany where it is sold 
under the name ‘“‘Silumin,” in France and in this country the name 
“‘Alpax’”’ is used. In this country, the development has not been so 
great, due in part, no doubt, to the extensive use of No. 195 alloy in the 
field of quality castings. 


Zinc, CoPpPER AND IRON-ALUMINUM ALLOYS 


No. 145 alloy is an alloy of zine, copper and iron with aluminum, which 
has quite interesting properties. It differs from the alloy L5, which in 
England occupies a position similar to that held by No. 12 in this country, 
in having a lower zine content and in containing added iron. This 
alloy has higher tensile properties than those of the ordinary casting 
alloys and greater shock resistance; it stands intermediate between 
these alloys and the heat-treated castings. This alloy does not retain 
its strength at elevated temperatures so well as do the aluminum copper 
alloys and it is not recommended for high temperature service. 

The alloy developed in the National Physical Laboratory in England 
under the name “Y” alloy and gold in this country both under this name 
and under the designation No. 142 alloy is especially intended for use at 


elevated temperatures. This alloy is used to some extent for pistons for 


aircraft motors and for Diesel engines; it is capable of improve- 
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ment by heat treatment, the tensile strength being comparable with that 
of 195 alloy but the elongation is much lower. 

Aluminum alloy castings find their most extensive use where it is 
desired to keep weight at a minimum, usually for the purpose of conserv- 
ing power; motors for aircraft, automobiles, trucks, buses, small boats 
and the like, are outstanding examples. So far as is kngyan the largest 


Fig. 3.—ALUMINUM ALLOY CASTING. DIESEL ENGINE BASE WEIGHING 3800 LB. 


complicated cored casting which has ever been poured in the light 
alloys was a Diesel engine base weighing 3800 lb., for installation on a 
yacht (Fig. 3). Not infrequently, however, other considerations also 
influence the choice of aluminum. The ease of machining and of polish- 
ing to produce a pleasing enduring finish accounts for a considerable 
tonnage of aluminum alloy castings as well as forgings. 


PERMANENT Mo.up CASTINGS 


Some of the alloys used in making sand castings are also poured in 
permanent molds; others have been developed primarily because of their 
suitability for this process. The alloys, when poured in chill molds, have 
a finer grain structure because of the more rapid solidification of the metal, 
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with the result that chill-cast test specimens show higher tensile proper- 
ties than do the bars cast in sand from the same alloy. Whether this same 
difference in strength will be maintained in the actual castings made by 
the two processes depends upon the nature of the casting and the ability 
to design the metal mold to retain the advantage which is inherent in 
the chill process. 

In this connection, it should be noted that the alloys high in silicon, 
when cast in chill molds, develop a structure and properties similar to 
those obtained by the modification process when the alloy is cast in sand. 
This use of the alloys containing added silicon for the manufacture of 
chill castings is covered by patents owned by the Aluminum Co. 
of America. 

TaBLe 15.—Permanent-mold-cast Alloys 
[Standard 0.505-in. Test Specimen, Cast in Permanent Mold] 


Alloy Approximate Composition, Tensile Strength, | Elongation, Per- | Brinell Hard- 
No. Per Cent. Lb. per Sq. In. | centage in 2 In. ness No. 
43 Silicon............ 5.0 | 18,500 | 24,500; 3.0 0 40 to 45 

Copperas sa ueene 4.5 | 
108 aie ee. ere 21,000 | 29,500 1.0 oe | 65 to 80 
45 | Silicon............ 10.0 | 24,500/| 29,500; 4.5 | 10.0 | 45 to 56 
112 Same as sand-cast..112 21,000 | 29,000) 1.5 3.0 70 to 90 
(as cast) | | 
Copperkemnen sakarer 10.0 

122 Tronkeee Rennes 1.27 | 22,000 | 30,000} 0.0 hers: 85 to 105 
Magnesium....... 0.25 
Siliconsseeeeee 0 

125 Iron eeee 1.0 17,500 | 22,500| 4.3 8.0 40 to 45 
‘Tin... . ea ce 2.0 | 
‘Coppereenener aan Dia) | 

151 Tron eee 20,500 | 26,500) 3.5 TORS | 60 to 70 
{Dit sa eer iba | | 
Copper one ah 10.0 | 20,500 | 29,500 1.0 3.0 | 85 to 110 
Cop pena ieee 5.5 | 22,000 | 28,000 | 3.0 6.0 | 60 to 70 

Heat-treated Alloys 
Heat-treat No. 

ae 4 35,000 | 39,000} 5.0 9.0 70 to 90 

nh 10 48,000 | 54,500 1.0 1.5 | 110 to 140 

a Dy 24,000 | 30,000 | 0.5 1S 90 to 120 

ae t 40,000 | 48,000 | 0.5 L207) 125sto) 160 

sis 12 24,500 | 32,500} 0.5 1.0 | 125 to 160 

Ae of 24,000 | 30,500} 0.5 2.0 95 to 125 

15 26,000 | 32,500} 0.5 Teo el betond25 
oo ee ee ee 


es outstanding advantages of this process, namely: close tolerances 
an ea of finishing, have already been discussed; and enumeration of 
some few of the castings which are in commercial production may be of 
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interest: pistons have already been mentioned, automobile brake shoes, 
ironing machine shoes, small gear wheels, heavy cooking utensils, mach- 
inery parts, ete. The alloy used will depend both upon the service condi- 
tions and upon the foundry requirements for the particular part. Some 
of the more commonly used alloys are shown in Table 15. 


Diez Castings 


A considerable range of alloy compositions is in use for the manufac- 
ture of die castings by the various manufacturers. The choice of alloy 
is determined to a considerable extent by the character of the die-casting 
machines and the operating practices and by the requirements of the 
given part from the standpoint of production. There is, in addition, 
the question of mechanical properties necessary for the part to meet the 


Fig. 4.—Dri® CaAsTING. ONE OF THE LARGEST, ALTHOUGH NOT ne ees 
CASTINGS IN COMMERCIAL PRODUCTION. WEIGHT 6.2 LB., BASE DIME 4 


Tag part of a tilted tub washing machine and centrifugal drying machine.) 
conditions under which it is used. The question of the properties of the 
various alloys is now in process of a thorough investigation by ee 
tests sponsored by a committee of the American Society for esting 
Materials, in which both producers and consumers are participating. es 
Typical examples of die castings in production are a a .. 
frames, carbureters and other automotive accessories, radio loud spe 
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standards and frames, meter cases, brake shoes, novelties of one sort or 
another, etc. (Fig. 4.). The principal consideration is the reduction of 
production and finishing costs. In some cases, bushings or inserts of 
other metals to resist wear may be cast in place. 

While the term “pressure die casting’? may convey the impression 
of exceptional soundness of the metal, it must be borne in mind that in 
this process there is little or no oportunity for the feeding of the casting 
because of the rapidity with which the alloy freezes; there must, there- 
fore, be a certain amount of porosity in the interior of the metal. Die 
castings must be judged, therefore, on their ability to meet service 
requirements, rather than on a critical inspection of fractured surfaces. 


ALUMINUM ALLOY FORGINGS 


One of the growing applications of the strong aluminum alloys is in 
the manufacture of forgings. As has been stated previously, 25S alloy, 
518 alloy and duralumin are most commonly used alloys for this purpose. 


Fig. 5.—Axu -ORGINGS . 
t. 5.—ALUMINUM FORGINGS. CONNECTING RODS MADE FROM 25S ALLOY. 


The manufacture of automobile connecting rods, propellers for aircraft 
and automobile hardware consumes a considerable tonnage of fee 
alloys (Fig. 5). One of the well known aeroplane engines % the radial 
type uses a forged crank case. Various reciprocating machinery parts 
are being made as aluminum alloy forgings in order taints advantage of 
the reduction in weight with the consequent reduction of inertia itr 


This list of uses, while j . 
list of mses, while in no wise complete, will serve to indicate some 
of the possibilities of these products 
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SpectAL Propucts 


There are various fabricated products of aluminum or aluminum 
alloy which are regular articles of trade. Automatic screw machine 
products in a wide variety of forms are manufactured from 17ST alloy 
and duralumin; wood screws, machine screws, stove bolts, bolts and 
similar parts are available in the range of standard sizes and threads. 

Rivets in 28 and 17S or duralumin are standard commercial products. 
Corrugated sheet for roofing or building construction, special design 
aluminum shingles and roofing nails of 17ST alloy are a fairly recent 
development. Aluminum furniture is now being produced on a com- 
mercial scale and combines with the recognized advantages of metal 
furniture the further advantage of lightness. 

Aluminum bronze powder is becoming a widely used paint pigment 
because of its durability and its excellent protective action on both steel 
and wood, its high reflectivity for light and heat rays and its remarkable 
covering power. This use of aluminum is mentioned because of the 
increasing tonnage of the metal which is used for this purpose, even though 
it is not a metallurgical application. 

Probably the most recent development is the introduction of ‘‘ Alclad” 
strong alloy sheet. This is a product consisting of a core of the strong 
alloy and a surface layer of aluminum of very high purity alloyed and 
integral with the core. The thickness of the surface layer is so chosen 
as to afford the exceptional corrosion resistance of aluminum of high 
purity and, at the same time, retain the maximum possible mechanical 
properties in the sheet. This development is so new that it is not yet 
possible to predict the extent to which it may be carried. Alelad 17S 
sheet is now in commercial production and it is contemplated that other 
alloys will also be marketed in the “Alclad” form. 


ALUMINUM CABLE 


Aluminum cable for use in power transmission has been in regular 
production for a number of years and consumes a large tonnage of the 
metal. For some purposes the cable consists entirely of aluminum wires, 
but more commonly the aluminum wires are stranded around a core 
made up of galvanized steel wires having a high tensile strength and yield 
The conductivity is all calculated on the basis of the aluminum 


oint. 
: g merely to increase the tensile properties of the 


strands, the steel servin 


composite cable. 
Although aluminum of the grade used in the manufacture of cable has 


a specific conductivity of only 61 per cent. of the annealed copper stand- 
ard, the low specific gravity of the metal again enters, and pound for 
pound, it will carry practically double the current of a copper eee 
This same weight, conductance ratio is, of course, not maintained in the 
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composite steel reinforced cable. The aluminum conductor is naturally 
larger in diameter than the copper cable designed to carry the same cur- 
rent, which fact is advantageous in high voltage power transmission 
due to lessening of corona losses. 

One of the advantages of the steel-reinforced aluminum cable is its 
high ratio of strength to weight, which permits the use of long spans. 
Except for one instance where an all-steel cable was used, the longest 
span in the world is in one of the power lines of the Southern California 
Edison Co., the distance between supports being 5190 ft., a little less 
than a mile. 

This paper, prepared in response to the request of the committee in 
charge of this symposium, is presented with the hope that it may give 
a more general idea of the commercial side of the aluminum industry 
as it exists today. Developments now in progress, it is expected will 
change in the near future some of the statements which have been made, 
particularly as to limiting commercial sizes, tolerances and even mechani- 
cal properties. Some of these have been suggested, but the aim has been 
to state what can be obtained on the market today. No attempt has 
been made to cover any of the metallurgical considerations; the one 
purpose has been to answer the question: ‘“‘What is the present status 
of aluminum and aluminum alloy products in the United States?” 


Some Aspects of the Commercial Manipulation of Aluminum 


By C. F. Nager, Jr.,.* New Kenstnaton, Pa. 


t 
(Detroit Meeting, September, 1927) 


THis paper is written primarily for those who are familiar with the 
processes mentioned but who desire a further insight into some of the 
fundamental principles. It does not give a complete description of 
the various practices employed in the working of aluminum and its alloys, - 
but presents a few illustrations of the essential respects in which 
aluminum differs from other common metals, and emphasizes the con- 
trolling factors of the processes under consideration. 


Heat TREATING 


Certain aluminum alloys are capable of having their mechanical 
properties greatly altered by a heat-treatment process. The degree of 
this improvement may be illustrated by some typical properties of dura- 
lumin (Table 1). It is essential that the material be in the wrought 
condition in order to obtain maximum heat-treatment effects. 


*TasBLe 1.—Typical Properties of Duralumin 


Annealed ret d 
Mengilemtrene bil be pel sate iia. wesc ene a oe .| 28,000 59,000 
Wella) yoaititigy il'd. (x52 Gale iiss 5 od ae aeleine sg ome eas Oo 9,000 34,000 
Blongations percentage sind imi yapitt-— sei. we ese ase oe = | 18 18 
Brinell hardness (500 kg.—10 mm. ball).......-........ | 50 95 


In the case of duralumin, the process consists of heating the metal to a 
prescribed temperature and then quenching it. Immediately after 
quenching, the material is relatively soft though not as soft as in the 
annealed state. If allowed to stand at room temperature, the material 
changes, increasing in hardness and strength without loss of elongation, 
but at the expense of the plasticity. This action is very rapid at first, 
gradually diminishing in intensity and to all practical purposes being 
completed in about four days. This process of hardening is termed 
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“aging.” 


the data of Table 2. 


The change in properties during this aging is illustrated by 


TapLeE 2.—Change in Properties of Duralumin during Aging 
178 Sheet 0.064 in., Quenched from 940°-950° F., Aged at Room Temperature 


Aging Time Spiers iis br Li pet Bq. Porccntane tet Ue 
1 hour 44,830 21,150 19.0 
1 day 54,755 32,350 18.7 
2 days 56,115 33,000 18.7 
6 days 56,765 34,850 19.7 
10 days 57,175 34,350 19.7 


oo —————— 


The aging process will be slightly accelerated by quenching in boiling 
water instead of in cold water, though the ultimate properties will be 
about the same. 

Certain alloys age spontaneously at room temperature while others 
require a second heating after the first heating and quenching in order to 


produce this effect. 


aging, the process is termed “‘artificial aging.”’ 


When the material must be heated to produce this 


TaBLE 3.—Mechanical Properties Characteristic of Certain Alloys in 
Various Tempers 


Yield Point | Tensile Strength Wonpation+! Brinell 
Material Condition in2In., | Hardness 
Per Cent, |, 500 Kg-— 
Lb. per Sq. In. | 10 Mm. Ball 

17ST Quenched and aged at | 

room temperature.......| 30,000 to 40,000 | 55,000 to 63,000 18 to 25 | 90 to 105 
17SO Annealed......,.........; 7,000 to 12,000 | 25,000 to 35,000 | 14 to 22 45 to 55 
2580 Annealed................] 7,000 to 12,000 | 23,000 to 35,000 | 14 to 22 45 to 55 
25S W Quenched and aged at 

room temperature.......| 15,000 to 30,000 | 45,000 to 53,000 | 15 tw 22 68 to 85 
25ST Quenched and aged at ele- | 

vated temperatures .....| 30,000 to 40,000 | 55,000 to 63,000 to 25 95 to 105 
5180 Amnesled(=jiccas.< tee ale 4,000 to 6,000 | 14,000 to 19,000 22 to 32 25 to 32 
51SW Quenched and aged at 

room temperature....... 15,000 to 20,000 | 30,000 to 40,000 20 to 30 55 to 70 
51ST Quenched and aged at ele- | 

vated temperatures ..... 30,000 to 40,000 | 45,000 to 50,000 10 to 18 90 to 100 
A=17SO) |cAnnéaled ya: secu wenn 20,000 to 25,000 | 20 to 28 30 to 40 
A-178T | Quenched and aged at | 

room temperature....... 15,000 to 20,000 | 35,000 to 45,000 20 to 28 55 to 75 
B= SOulPAnTed elena tan niet 20,000 to 25,000 20 to 28 30 to 40 
B-17ST | Quenched and aged at 
Special room temperature....... 20,000 to 25,000 | 42,000 to 50,000 20 to 28 65 to 85 
1780 Annealed is. fo cneinreesient 7,000 to 10,000 | 25,000 to 35,000 12 to 20 42 to 55 
Special | Quenched and aged at | 
abl room temperature.......| 30,000 to 40,000 | 55,000 to 63,000 18 to 25 90 to 105 
Special | Quenched and aged at ele- 
(fie vated temperatures ..... 50,000 to 55,000 | 63,000 to 70,000 8 to 14 95 to 125 

ee 
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The complete heat treating of ividec 
ae sa g of these alloys may be divided, therefore, 

1. Solution heat treatment, the object of which is to bring the soluble 
constituents into solid solution and to retain them in a supersaturated 
state by rapid cooling. 

2. Precipitation heat treatment, termed “aging,” during which the 
soluble constituents in solution in excess of that required by equilibrium 
are precipitated in a finely divided and critically dispersed state. 

It follows from this that alloys which only age spontaneously at room 
temperature can be supplied to the trade in only one heat-treated temper, 
namely, the fully heat-treated and aged state, while alloys susceptible to 
artificial aging can be supplied in two heat-treated states; (1) heat- 
treated and quenched but not artificially aged, and (2) heat-treated, 
quenched, and artificially aged. An example of the latter case is the 
25S alloy mentioned later, which is supplied in two heat-treated tempers 
—255SW and 25ST. The first has not been artificially aged while the 
second has received this treatment. 

Table 3 gives the mechanical properties listed by the manufacturer 
as characteristic of certain alloys in various tempers. 

All the alloys in this list except the 25S age harden to some extent at 
room temperature and hence are more plastic immediately after quench- 
ing than a few days later. The properties noted are those for the four- 
days room-aged condition. 25SW has the properties noted promptly 
after quenching. 


Solution Heat Treatment 


The heating may be done either in air or by immersing the material 
in a molten bath of nitrate, which may consist of a mixture of sodium and 
potassium nitrates or may be merely a commercial grade of sodium 
nitrate. The material should be heated to the temperatures prescribed 
in Table 4 and held there for a sufficient length of time to. permit solution 
of the soluble constituents. This time will vary with the amount of 
metal in the furnace, the thickness of the material, and the amount of 
mechanical working it has received. For material that may be classified 
as sheet, 15 to 30 min. is sufficient, the thinner sheet requiring the shorter 
time. In the case of heavy bars and slabs, several hours may be necessary. 
This time refers to the period at temperature and does not take into 
account the time required to heat up the material. It is obvious that a 
longer time will be necessary to bring the material to temperature in 
heated air than in a molten liquid. 

Accurate temperature control is essential. The heat-treatment 
effects increase gradually with rise in temperature until the maximum 
solution of soluble constituents has been attained. If the heat-treating 
temperature is too low, only partial effects will be obtained, while if the 
temperature is too high, partial melting and “burning” of the alloy will 
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take place, with consequent loss of ductility and strength. Badly burned 
material is characterized by a slightly wrinkled or blistered surface, a 
crystalline fracture, and fused areas noted in the microstructure. It is 
difficult to detect ‘‘burning”’ in its earlier stages, hence the need to avoid 
approaching “burning” temperatures. ‘The temperatures recommended 
in Table 4 are sufficiently below the burning temperatures of the respec- 
tive alloys so that the practice may be safely carried on without danger 
if reasonable precautions are exercised. 


TasLe 4.—Temperatures Required for Solution Heat Treatment 


TEMPERATURE, 

Dra. 
ALLOY FAHRENHEIT 
Duraluming L7SeN-179,p balsa etre eel ersten staestetetetel aietet tenet slate otters 940 to 960 
DES aids 5 LSet 2 oo sate lech o's Lidioeie. » Ata aha pater tedet ane states Pasta. «titer teat toe 960 to 980 
eyelet la Wiciier oo cman c Bate Peon Olio. Gomera ceo adores. Hon fc wes 920 to 930 


When the material has been at temperature the required length of 
time, it should be removed and quenched. The initial rate of drop in 
temperature should be as rapid as possible, hence the least possible time 
should be lost in transferring the metal from the heating chamber to the 
quenching medium. 

Quenching may be done by plunging into hot or cold water or oil, or 
by playing an air blast on the material. Thin sheet (0.020 in.) will 
quench in still air with sufficient rapidity to give very substantial heat- 
treating effects. Maximum effects can be obtained with increase in 
rate of quenching. The resistance to corrosion is affected to a greater 
extent by rate of quenching than are the mechanical properties. For 
example, practically identical properties are obtained by quenching 
very thin sheet either in air or water, though the material quenched in 
water shows a greater resistance to corrosion. 

Both the act of heating and of quenching, especially the latter, may 
cause some warping. As the material is relatively soft immediately 
after quenching, it is easiest to straighten the metal at that time. 

The heating furnace may be either an air chamber, heated preferably 
by electricity, as this permits of very accurate control, or a nitrate tank 
heated by gas. No detailed description can be given for an electrically 
heated air furnace because this will depend so much on the character of the 
work to be handled. The essential features call for uniform temperature 
throughout the heating chamber and a means of accurately controlling the 
temperature. It isrecommended that automatic controllers and recorders 
be used on such furnaces. The nitrate-tank furnace consists simply of 
a sheet-steel or cast-iron tank of suitable dimensions for the particular 
work at hand, heated from the outside, preferably by gas. It is desirable 
to have the hot gases play around both the sides and the bottom of the 
tank. In order to insure uniform temperatures throughout the bath, 
in the case of long rectangular tanks, a number of burners should be 
placed along the sides rather than merely one large burner. Though it 
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is relatively easy to control the temperature of such a bath, pyrometers 
are absolutely essential and it is best to have these constantly in the bath. 

When heating a large number of items at one time, such as a pack of 
sheet, the pieces should be separated by spacers and the nitrate should be 
circulated so as to introduce hot nitrate into the central portion of the 
load where the salt has been chilled and entrapped by the cold metal. 
Difficulties of this nature may be overcome by slowly jigging the load 
vertically during the time that it is suspended in the nitrate. 

Prior to immersing, it is good practice to suspend the load just above 
the molten bath a few minutes to be sure that no moisture is present at 
the time of immersion to cause dangerous spattering of molten nitrate. 

After quenching from a nitrate bath, it is important that all the salt 
be completely removed; otherwise, on standing in a moist condition, the 
nitrate may have a corrosive effect on the alloy. It is recommended, 
therefore, that a second rinsing tank be provided in addition to the 
quenching tank. When heat treating continuously, there should be a 
constant flow of clean water through this rinsing tank. Quenching in 
hot water facilitates the removal of nitrate. 

The quenching tank should be sufficiently close to the heating chamber 
to permit of quick transfer from one to the other When large numbers of 
items are to be treated, these can be handled easily by placing them in a 
steel frame or expanded metal basket hung from an overhead trolley or jib. 

Although nitrate baths are used in various industries, attention should 
be given to the fact that the fused salt coming in contact with carbo- 
naceous or organic material, such as wood, coke, ete., or red-hot iron 
or steel, may be the cause of an explosion. Therefore, in the design- 
ing of such a furnace, the flame should not be permitted to blast directly 
on the iron or steel container. Extra sacks of nitrate should be stored in 
a dry place and at a distance from the tank. When adding fresh nitrate 
to the tank, the operator should see that it is perfectly dry. In the case of 
a nitrate fire,do not use water. Drysand is recommended to put out such 
fires, and a supply of dry sand should be kept on hand for this purpose. 

It is not intended to convey the idea that the hazards of nitrate heat 
treating are so great as to make it inadvisable to employ this method. 
The precautions are mentioned merely in order to avoid difficulties. 


Precipitation Heat Treatment 


The times and temperatures prescribed for alloys 25S, 515 and Special 
17S are shown in Table 5. Other alloys may require somewhat different 
combinations of time and temperature, which will have to be deter- 
mined by experimentation. The best temperatures lie between 250° 
and 320° F. As a general rule, longer times are required with lower 
temperature, though, on the other hand, more desirable combinations 
of tensile strength and elongation can be obtained by employing longer 
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times at lower temperatures. In order to duplicate results, it is essential 
to accurately control time and temperature. Here, as in the case of the 
solution heat treatment, the times and temperatures given apply to the 
period at heat and do not include the time required to bring the material 
up to temperature. 

Any chamber in which uniform temperatures can be obtained and 
accurately controlled will be suitable for conducting the artificial aging 
treatment. Live steam may be used as the heating medium in the case 
of heavy sections suchas large forgings. Aging of thin sheet alloys should 
not be conducted in live steam, however, as steam has some action on the 
surface of the alloys, especially if the solution heat treatment has been 
carried out in nitrate. The chamber may be heated by steam coils. 
Whatever system is used, the temperature should be uniform throughout 
the chamber. Itis usually necessary to provide some means of artificially 
circulating the atmosphere. This can be accomplished by providing 
fans in the ceiling, with baffles so arranged that the fans will draw air 
from the bottom of the furnace. 


TaBLe 5.—Times and Temperatures for Precipitation Heat Treatment 


TEMPERATURE TIME 
ALLOY Dec. F. Hr. 
DOS sa cnaesde tess ocstede fs Patliane, Cegsdatens, cuctet ce ekaercte eta eatete 285 to 295 8 to 15 
518 
SRIOAE. nay so Mepave le evalihaie Suave ® Gente tan omaets 310 to 320 18 


The operating technique is extremely easy and simple as control of 
rate of heating and cooling is not required, it being only necessary to 
place the material in the chamber and leave it there the prescribed time. 
As no distortion difficulties are encountered, the handling problem is 
comparatively simple. The main essential is to space the individual 
pieces in each load so as to assist in equal heating of all items. 


ANNEALING 


The usual object of annealing aluminum and its alloys is to remove the 
strain-hardening imposed by previous cold working. Space does not 
permit any complete or thorough discussion of the theories and principles 
involved but a few points will be useful in understanding the reasons for 
selecting certain operating practices. 

When a metal is cold worked, the deformation puts the material in 
individual crystals under strain and may cause a non-uniform orientation 
of atoms within a crystal. Heat will permit the release of these strains 
and a re-orientation of the atoms. This is termed “recrystallization.” 
The recrystallization temperature will be different for different miceals 


and will also vary among crystals in the same piece of metal. This tem- 
perature will usually be lowered with: 


1. Increase in time at elevated temperature. 
2. Increase in purity of metal. 


C. F. NAGEL, JR. 133 


3. Decrease in temperature at which deformation took place. 

4. Decrease in size of original grain. 

5. Increase in amount of strain-hardening. 

Though the effect of some of these factors upon the recrystallization 
temperature may be very great, it is impractical in commercial practice 
to operate at the lowest theoretical recrystallization temperature of each 
piece of metal. For example, it would not be feasible, or generally use- 
ful, to heat only to 450° F. rather than 650- F. when the lower tempera- 
ture may require a period of 6 days at heat as compared to 2 min. at the 
higher temperature. Neither is it possible, with our present knowledge, 
to predict, as an operating procedure, the minimum recrystallization 
temperature and, furthermore, this temperature will vary from crystal 
to crystal in the same piece of metal. Hence, in the commercial anneal- 
ing of aluminum a temperature is selected, as determined by experience, 
for each alloy, at which recrystallization will be complete for all expected 
conditions of the metal. This is termed the “annealing temperature;” 
the values commonly used are given in Table 6. 


TABLE 6.—Annealing Temperatures for Aluminum and Alloys 


Material 
Trade = me linartic +i 
Designation Al, | Cu, Mg, Mn, Si, Annealing 
Per Cent. | Per Cent. | Per Cent. | Per Cent. | Per Cent. | Temperature 
650° F. 
PAC ods Carat oa 2? 

oo Min. 92.0 | 3.5-4.5 | 0.3 -0.75 0.4-1.0 650° F. 
Bee Hehe Min. 92.0 | 3.9-5.0/0.5 -1.1 | }9.5 -1.1) 650° F. 
2 AS Gen ye Min. 95.5 | | 0.45-0.80) 0.60-1 .20 (OF 1 
ae asta pene, | Min. 97.1 it ail 800° F. 


For all practical purposes, recrystallization is instantaneous at these 
temperatures. It is sufficient merely to raise the metal to these values; 
it is not necessary or generally desirable to hold it there for any consider- 
able time. 

When strain-hardened wrought aluminum is heated beyond its 
recrystallization temperature, some crystals in the recrystallized metal 
immediately begin to grow at the expense of surrounding material. 
Under suitable conditions a product will result in which individual 
crystals may be over an inch long. In general, a coarse crystal structure 
is not as desirable as a fine one because such metal is weaker and will 
not successfully take the same deformation. F urthermore, when form- 
ing the metal, as in a drawing operation, a rough surface will result which 
will require extra labor to first grind it smooth if the article is to 

ished. 
pe ae ultimate crystal size is influenced and may be governed by 
conditions other than those occurring during annealing, considerable 


134 SOME ASPECTS OF THE COMMERCIAL MANIPULATION OF ALUMINUM 


control may be exercised by choice of suitable annealing practices. 
Therefore it is useful to know the conditions conducive to crystal growth 
and those annealing methods which, if followed, will tend to produce a 
small crystal size. 

There is considerable reason to believe that a growing crystal can 
acquire material from adjacent unrecrystallized metal more easily than 
it can from recrystallized metal. This process of a growing crystal 
feeding upon neighboring material involves the element of time. When 
a piece of fully annealed metal is cold worked all the crystals are not 
strained to an equal degree. During the annealing operation, the 
crystals that have been subjected to the greatest strain will be the first 
to recrystallize and can commence to grow at the expense of the adjacent 
unrecrystallized material. If then, the rate of heating is so slow that the 
recrystallization temperature of the least strained material is never 
reached, or reached only after a considerable time, such material may be 
entirely absorbed by the growing crystal. 

There is, therefore a critical amount of strain-hardening that is most 
conducive to crystal growth. The annealing of a partly formed article, 
such as a drawn shell, thus presents some difficulty because the strain- 
hardening in the metal will vary greatly, a certain area of it almost 
inevitably having this critical amount. The critical stage is reached 
early and corresponds to only a few per cent. reduction in thickness as 
produced by a rolling operation. 

Having these principles in mind, the practice to be employed in 
order to prevent crystal growth will be obvious. Heat the metal as 
quickly as possible to above the recrystalization temperature of the 
least strained material (see Table 6). As soon as the metal has reached 
this temperature, remove it from the furnace, because as soon as recrystal- 
lization has occurred crystal growth will commence. 

Time and temperature are the two most important technical factors 
in the correct annealing of aluminum and its alloys. Consideration 
should be given not only to the temperature of the atmosphere within 
the furnace, but, equally important, to the temperature of the metal. 
Therefore it is good practice to employ two thermocouples; one by which 
the temperature of the furnace atmosphere may be controlled, the other 
embedded in the coldest part of the load, to tell when the load should be 
removed. Using two couples, it is possible to operate the furnace at 
temperatures 150° to 250° F. above the annealing temperatures of the 
metal, thus employing the desired action of heating the metal more 
rapidly than could be done were the furnace temperature only slightly 
above the annealing temperature. Should annealing be carried out by 
immersing the metal in a liquid bath such as molten nitrate or lead, the 


temperatures of the bath should be only a few degrees above the recrystal- 
lization temperature, 
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Some thought and care must be given to stacking the load so as to 
facilitate quick and uniform distribution of heat throughout the mass 
in order that the metal may be heated quickly, 

Annealing of aluminum is made easy by the fact that the metal is not 
adversely affected by furnace gases. It is not necessary to employ 
retorts or covers; the aluminum may be placed directly on racks or bot- 
toms and placed uncovered in the furnace. 

Occasionally one may be obliged to anneal’a section of work. The 
usual practice is to play a low-temperature flame upon this area. Though 
this is obviously risky, due to the impossibility of noting the temperature 
of aluminum by any color change, sections 1 in. thick or greater can be 
handled in this manner by experienced operators. A two-point pyrom- 
eter may be used to show the temperature of the metal. A less accu- 
rate indication is to rub the metal with a pine stick. When the metal 
reaches the temperature of about 800° F., a pine stick will leave a 
charred mark. 

The annealing of heat-treatable aluminum alloys demands additional 
consideration. As has been previously pointed out, slight heat-treatment 
effects will be obtained by quenching the metal from only a little above 
the annealing temperature. Therefore, when annealing such alloys, 
great care should be exercised not to overheat the metal and, furthermore, 
in order to assist in wiping out the effects of slight overheating, the metal 
should be cooled very slowly to below 500° F. If the temperature has 
not exceeded 675° F., such slow cooling is not essential but if maximum 
softness is wanted, it is desirable to cool the metal slowly. 

Frequently there may be occasion to anneal material that is in the 
heat-treated state. This demands a special practice which consists of 
heating the metal for at least one hour at 800° F., and then cooling very 
slowly to below 500° F. The longer the time at 800° F., and the slower 
the cooling, the more thoroughly will the material be annealed, as the 
maximum softness is attained when the soluble constituents are precipi- 
tated from solid solution as completely as possible in the form of large 
particles. To accomplish this requires time and hence the need for 


cooling slowly. 
Cotp Formina 


Pure aluminum and the less complex alloys are more plastic than steel 
or brass in the sense that they will accept a greater deformation without 
fracturing, and hence can be given a greater number of successive draws 
without requiring intermediate annealing. 

The workability of any metal is, of course, limited by its mechanical 
properties, and different tempers of the same alloy will have different 
degrees of ductility. However, there is one property of aluminum and 
its alloys which introduces certain limitations and requirements. When 
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planning the cold forming of aluminum, in comparison to the conditions 
selected for other metals, the most important characteristic to bear in 
mind is the coefficient of friction. Aluminum has a higher coefficient of 
friction than brass or steel. ‘The manner in which this property functions 
may be shown by the following discussion of the drawing of a simple shell. 

In Fig. 1, sketch A, the cross-hatched portion represents the cross- 
section of a circle to be formed into the cup shown in sketch C; a is the 
die; b is the punch. In sketch B, we see the punch forcing the sheet 
circle into the die and in sketch C’ the end of the stroke with the 


shell formed. 


Fic. 1.—CoiLp FORMING AN ALUMINUM SHELL. 


As the punch moves downward, the circumference of the circle must 
decrease and the are XY will decrease to the new dimension X’Y’. 
It is obvious that the metal during this movement is put into compression 
and these compressive forces will tend to relieve themselves by a buckling 
of the sheet. If the sheet were buckled at the instant that it must move 
over the die radius, considerable resistance would be set up and, if the 
buckling were very severe, the resistance would probably exceed the 
tensile strength of the material and the sheet would break. 'To avoid 
such an occurrence, it is necessary to. prevent the sheet from buckling. 
This is accomplished by means of a flat ring c, termed the blank holder, 
which precedes the punch in its downward movement and clamps the 
sheet circle between this ring and the die. During drawing, the sheet 
slides between the blank holder and the die. As the compressive forces 
set up in the circle are large, the tendency to buckle is great, hence con- 
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siderable pressure must be exerted by this ring against the sheet to pre- 
vent buckling. This pressure introduces frictional resistance against 
the movement of the sheet circle. Precautions must be taken to reduce 
this resistance to the minimum. With this object in mind, the contact 
surfaces of the die and blank holder must be put in a very smooth condi- 
tion. In fact, for best results these surfaces should be polished. This 
reduction of frictional resistance is still further assisted by amply lubricat- 
ing the surface of the sheet. A medium-grade cylinder oil is recom- 
mended for this purpose. 

The pressure of the blank holder could be so great as to prevent all 
lateral movement of the sheet, in which case the forming would proceed 
only up to the ability of the metal to actually stretch in its unconfined 
area. The pressure of the blank holder, therefore, should be reduced to 
the minimum sufficient to keep the sheet flat. It will be clear from the 
foregoing that as the ultimate tensile strength of the metal increases, it 
can successfully overcome greater resistance against movement between 
the die and blank holder. As the thickness of the sheet increases, the 
blank-holder pressure necessary becomes less because the metal in itself, 
being thicker, will tend to resist buckling. _ 

Furthermore, in planning the drawing of aluminum shells, it is 
generally considered impractical to have the diameter of the shell in the 
first draw less than 0.6 of the diameter of the original circle. If it is 
necessary to draw a shell exceeding these relationships, recourse must be 
had to doing so in two or more operations. 

The high plasticity of aluminum results in a greater thickening of the 
metal as it converges toward the die than occurs with steel and brass 
and this demands a slightly greater clearance between the punch and 
the die than is common for other metals. In other respects, the forming 
of aluminum and its alloys employs the same general principles used for 
other metals, with the exception, especially with the pure grade, that inter- 
mediate annealing between draws is usually not required. 

The sharpness of the radius over which the metal can be drawn and 
the amount of work that can be done will depend on the mechanical 
properties of the metal. Information regarding tensile strength, yield 
point and elongation offers a fair criterion of the workability of the metal. 
A material possessing a high elongation will stretch more than one with 
a low elongation, and a material wherein the ratio of yield point to tensile 
strength is low can be worked far more severely than one in which this 
ratio is high. 

The same fundamental principles apply whether the work consists of 
drawing a shell or forming a right angle on a cornice-brake. In brake- 
forming operations, one must appreciate that as the ductility decreases 
the radius to which the metal can be successfully formed must be 
increased. Before any tools are planned, therefore, the minimum radius 
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over which the metal will bend should be ascertained. In all commercial 
metals there is a certain variation in properties from lot to lot; it would, 
therefore, be unsafe to assume that, because a certain sample of sheet 
1 in. thick successfully bent at 90° over a radius one-half its own thick- 
ness (namely, 14¢ in.), all subsequent pieces of metal of this same grade 
and temper will do likewise. It is best to employ a radius somewhat 
larger than that determined by such tests. 

Heat-treatable alloys have introduced some new practices. With 
other metals, when experience has shown a forming operation to be too 
severe, the procedure has been to ease up on the shape so as to work the 
metal less severely, do the work in two operations with an intermediate 
annealing instead of in one, employ metal of a softer temper, or adopt 
a combination of these. Another course is available in the case of the 
so-called strong aluminum alloys. This centers around the fact that the 
properties of these alloys can be altered by heat treatment. 

Assume that one wishes to make a certain shape wherein the metal in 
the finished part should be in the fully heat-treated and aged condition, 
having a tensile strength of approximately 60,000 lb. per sq. in. Trial 
may indicate that this article cannot be directly formed from the heat- 
treated and aged metal. It may then be possible to take this metal, 
heat it to its heat-treating temperature, quench it, and perform the 
forming operation before aging has set in. The metal will harden 
spontaneously after forming and will acquire the fully heat-treated and 
aged condition. 

Assuming that, even after quenching, the metal is still not sufficiently 
workable to form, the next possibility would be to use sheet in the 
annealed condition, form it, and then heat treat the formed article. 
Recourse to other means, namely, easing up on forming radius, should, 
of course, not be lost sight of. Very often the most satisfactory solution 
is a compromise among the several principles noted. 

These ideas can be extended still further in the case of certain alumi- 
num alloys which are hardened by artificial aging; for example, the previ- 
ously mentioned special 17ST which develops tensile strength of just 
under 70,000 lb. per sq. in., with a yield point of 50,000 lb. per sq. in. 
This material behaves like duralumin in that it is quite workable immedi- 
ately after quenching and hardens spontaneously at room temperature. 
This temper is given the designation of “special 17SW.”’ One can follow 


the procedure outlined above for duralumin and then obtain still higher 
strength by artificially aging the formed article. 


Hor Forming 


Aluminum alloys in the wrought condition are very malleable at 
elevated temperatures, Especially in reeent months many structural 
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shapes, such as window and door posts in railway passenger cars, have 
been hot formed from heavy-gage sheet. The shapes in question could 
not have been formed cold. 

In the hot forming of aluminum sheet, the principal factor to control 
is temperature. The most suitable temperature to employ will vary with 
the shape to be formed but in general it is advisable to employ the high- 
est temperature at which the metal will not break. This is for the pur- 
pose of obtaining heat-treatment effects in the finished form. The 
quenching resulting from the contact of the relatively cold dies is suffi- 
cient to produce properties that are almost as high as can be obtained 
by giving the shapes a separate heat-treating operation. The desirable 
temperature, therefore, is about 950° F. 

The tensile strength of the metal will decrease with increase in tem- 
perature and, in the case of shapes where the metal is under considerable 
tension during the forming operation, this tension may exceed the ulti- 
mate tensile strength of the metal at that temperature. In such cases 
it will be necessary to lower the forming temperature in order to build 
up the strength sufficiently. If the temperature necessary to give the 
required strength should be too low to give adequate heat treatment, it 
may be necessary to reheat the shape to a suitable heat-treating tempera- 
ture, namely 950° F., and again insert it in the die for quenching and 
straightening. Wherever the shape requires more than one operation, 
it is desirable to perform all operations prior to the final one at 
relatively low temperatures, for example, 750° F., because at this lower 
temperature the metal can be handled more readily; its strength will be 
greater than at higher temperatures and the full heat-treatment effect 
must be obtained, after all, by the final heating. 

The standard type of steel-forming equipment may be used; in fact, 
practically all of the hot forming of strong aluminum alloy sheet has, so 
far, been carried out in plants normally operating on steel. The one 
piece of equipment not usually found in such a plant is a furnace suitable 
for heating aluminum. Due to the lower temperatures for aluminum 
and the fact that the temperature of aluminum cannot be observed by 
color change, a furnace designed to control accurately at temperatures 
lower than those used for steel is necessary. 


JOINTING 
Aluminum may be joined by the usual methods of soldering, welding 
and riveting. 
Soldering 


Special solders are required for aluminum. There are many on the 
market, some of which are much better than others. The most satis- 
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factory of them, however, do not permit soldering with the same ease as 
is possible in the case of half and half with brass or copper. 

The same general technique is employed as applies to half and half 
solder with brass, with the exception that the surfaces of the parts to 
be jointed must first be independently tinned and with few exceptions, 
this tinning requires a definite rubbing action. Aluminum solders will 
not wet aluminum as readily as half and half solder wets brass. Many 
aluminum solders require the use of a flux. The Aluminum Company of 
America has recently developed a solder which actually flows into crevices, 
such as a wire joint, with quite good results. 

All aluminum solders so far developed are electro-negative to alum- 
inum; hence, such a soldered joint, when exposed to wet conditions, 
will eventually disintegrate. There are, of course, many applications 
where this feature need give no concern. Soldering has been used 
for many years to plug holes in castings and to do general local 
repair work. 


Welding 


Welding of aluminum is done by autogenous and electric methods. 
Autogenous welding has been widely and successfully practiced for 
many years, especially with the pure metal and the less complex alloys. 
It is presumed that the reader is generally familiar with the apparatus 
and technique required for autogenous welding. Therefore, the follow- 
ing discussion will be confined to a few special phases. 

Two types of flame are employed, oxyacetylene and oxyhydrogen. 
Choice of gas is determined by the following considerations. If the 
intensity of the flame is too great, the metal will be melted too rapidly 
for the operator to handle easily, with the result that a hole may be 
melted away at the joint. The repair of such a condition leaves a very 
unsightly joint. Furthermore, it is obviously difficult and sometimes 
impossible to bridge a large gap with molten metal. Therefore, as the 
temperature of the oxyhydrogen flame is considerably less than that of 
the oxyacetylene, and as the former, when properly adjusted, will melt 
ordinary-gage sheet as rapidly as the operator can work, the oxyhydrogen 
flame is recommended for light-gage small work. In the case of sheet 
¥¢ in. or thicker, where considerable heat might be lost by conduction, the 
oxyacetylene flame may be the proper choice. 

A further objection against the acetylene flame is the possibility of 
carbon being deposited by an improperly regulated flame. This carbon 
may interfere with the proper functioning of the flux and will retard 
coalescing of the molten metal. 
that eventhough ro hinpé of aneieer ee 

um are melted and brought into 
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contact they will not unite unless this film is broken mechanically or 
removed in some other manner. In welding aluminum, difficulties due 
to this oxide film may be overcome by the ‘‘puddling” method, which 
consists merely in mechanically stirring the pool of molten metal, but 
this has the objection that the films of oxide, though broken up, still 
remain in the mass of metal. A flux is therefore almost universally 
used in the autogenous welding of aluminum. It is the duty of this 
flux to dissolve the oxide as welding progresses‘ 

A good flux should have the following characteristics. It must have 
the ability to dissolve oxide very quickly and in such amounts as may 
be required. The melting point must be below that of the metal and 
it must not volatilize at the temperature to which it is subjected 
by the flame. The specific gravity of the molten flux with the oxide 
dissolved in it must be sufficiently less than that of molten aluminum so 
that it will quickly rise to the surface and thus carry the oxide out of the 
weld. Furthermore, the flux must not deteriorate in storage. 

There are many aluminum fluxes on the market but not all of them 
meet the above requirements. Although good fluxes might be considered 
expensive, successful welding depends so considerably upon the quality 
of this flux that the choice of brand should not be decided by cost but 
solely by performance. 

A common method of using flux is to dissolve it in water to the con- 
sistency of a thin cream and either apply it to the joint by means of a 
brush or dip the welding stick into the mixture. Sufficient flux will cling 
to the welding stick to supply the required amount as needed. 

Aluminum welding fluxes, when permitted to remain on the metal 
and then subjected to moisture, will attack aluminum. It is, therefore, 
necessary to completely remove the flux and this should be done immedi- 
ately after welding has been finished. For most work such as the manu- 
facture of utensils, it is sufficient to wash the welded article in a tank of 
hot clean water. If the article is later to be painted, especially if the 
surface of the weld is dressed, such a simple wash may not be sufficient. 
In this case, the joint should be cleaned by live steam played against it; 
then it should be dipped in a hot 2 per cent. solution of nitric acid, followed 
by a rinse in clean hot water. ; 

During welding, the torch should not be directed forward, as the 
flame might blow molten metal ahead of the actual welding where melting 
of the sides of the joint had not yet occurred, with the result that only a 
glueing action would result. Such a weld would obviously be weak. 

The flame should be so applied that both sides of the joint will be 
heated and melted equally and simultaneously. With joints of unequal 
sections, it is thus necessary to direct the flame more against the heavier 
part. Greater speed is necessary in welding aluminum than in welding 
steel and in making a long seam the rate of progress gradually increases 
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as the whole part heats up. Once welding has commenced it should 
progress to completion without interruption. When making very long 
seams, it is desirable to tack the parts together at suitable spots. Though 
this will introduce short localized buckles, without such tacking the 
warping due to expansion and contraction will be cumulative and may 
result in cracking of the parts already welded or in such spreading or 
overlapping of the parts not yet welded that satisfactory results cannot 
be obtained. 

Some difficulties arise in the welding of strong aluminum alloys due 
to their great tenderness just below the solidification temperature. 
Contraction stresses during solidification and cooling are quite severe 
and these may cause the metal to crack either in the weld itself or in the 
base metal immediately adjacent to the weld. This type of difficulty 
may be greatly minimized by using a welding stick of 5 per cent. silicon, 
95 per cent. aluminum. 

When considering whether a strong alloy joint should be made by 
welding, one must not lose sight of the fact that the metal in the weld is 
essentially a chill casting and consequently will have the properties of 
that particular alloy in its chill-cast state. Occasionally it may be possi- 
ble to hammer the weld, thus putting the metal in the wrought condi- 
tion, but this possibility is rather unusual. In the case of heat-treatable 
alloys, maximum heat-treatment effects cannot be obtained from the 
metal in the cast state. Therefore, one cannot expect to get the proper- 
ties of the wrought, heat-treated metal in a welded joint by heat treating 
the assembly. 

_ Another feature to bear in mind when welding heat-treated alloys 
is the effect of the heat of welding upon the adjacent metal. Careful 
explorations have shown that the metal immediately adjacent to the weld 
is usually heated to its heat-treating temperature and that the rate of 
cooling is sufficient to produce substantial heat-treating effects. A little 
farther away from the weld, the full heat-treating temperature has not 
been reached and at some location, about 44 to 34 in. in the case of sheet 
0.064 in. thick, the temperature has only reached the annealing tempera- 
ture for that alloy. As has been previously pointed out under the sub- 
ject of annealing, it is necessary to hold a heat-treated piece of metal at 
elevated temperatures for a considerable time to produce maximum soft- 
ness. Therefore, though this particular area of metal may be softened 
somewhat, it will not become completely annealed. The temper of 
the metal in such a joint consequently will vary considerably. Provided 
that the extra thickness in the weld has not been reduced by dressing and 
that the weld is clean and sound, the weakest part in such a joint will lie 
in an area on either side of the weld itself. A second heat treatment 


of the assembly will convert all the wrought metal into the heat- 
treated state. 
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Electric Weldi ng 


Electric-are welding of aluminum is being investigated but to date it 
has not yet been made commercial. Percussion welding has also been 
tried out and has been used in the case of joining wire. 

Spot welding has been developed to a Stage where it is used in regular 
production, particularly with pure aluminum and some of the alloys. The 
equipment consists of a standard type of spot welder supplied with adjust- 
ments for varying the mechanical pressure, and current density. Some 
machines also permit automatic control of the time element, which is 
desirable, though not essential. P 

Due to the greater electrical conductivity of aluminum as compared 
to steel, higher current densities are necessary; consequently, for spot 


Fig. 2.—T&EstT OF SPOT WELD ON FOUR SHEETS OF 35, EACH aBouT 0.040 IN. THICK. 
NOTE THAT SPOT ITSELF HAS NOT BEEN PULLED APART. ‘THE ABILITY TO THAR THB 
SHEET INDICATES THE HIGH QUALITY OF THE JOINT. 


welding aluminum, a machine of larger capacity must be employed than 
is required in the case of steel sheet of equal thickness. 

The principal variables requiring control are mechanical pressure 
exerted by the electrodes upon the joint, current density, and the time of 
current passage. 

The general scheme to follow in setting up the machine for a certain 
job is to reduce the mechanical pressure and current density to a point 
below that at which a spot will form and then increase the current 
density. If “spitting” or ‘“‘spattering”’ is observed, it indicates insuffi- 
cient mechanical pressure. The current density and mechanical pressure 
should be the lowest that will produce a good spot. A few trials will 
ascertain the most suitable setting. This should be judged by pulling 


apart sample welds. A satisfactory weld in pure aluminum is one in 
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which the spot will tear out of one sheet, rather than one in which the 


two pieces of sheet merely pull apart through the spot. The latter 
indicates incomplete fusion. Fig. 2 illustrates the failure of a good spot. 

When using a machine with which the time is controlled by the 
movement of a foot pedal, the operator should occasionally make a joint 
with pieces of scrap sheet, to check the correctness of the time. 

The shape of the electrode tip is important. The diameter at the 
contact surface should be between 14 and 54g in., the larger dimension 
for thicker sheet. The surface of the electrode should be slightly 
rounded. It has been claimed that a hemispherical surface will auto- 
matically reduce the current density as the electrode sinks into the 
metal and thus prevent excessive melting. In our experience, this 
expedient seems of dubious merit and carries the disadvantage of pro- 


Fic. 3.—CRross-SECTION OF A SPOT WELD. NOTE CONTACT SURFACES OF THE TWO 
SHEETS AT RIGHT AND LEFT. ‘THE OVAL AREA IS THE SPOT. 


ducing a deeper indentation than desirable. Occasionally it is necessary 
to have the minimum indentation on one surface. This can be accom- 
plished by using a flat electrode on that side of the joint. However, the 
spots made in this manner will usually not be as uniformly good as when 
both electrodes are of equal size and slightly rounded. 

In lining up the electrodes, it is important that the two contact sur- 
faces be absolutely parallel at the instant of contact while making the joint. 

Due to the greater current density required with aluminum, the 
electrodes should be water-cooled and this water-cooling should be 
extended into the tips themselves. 

An important difference between the spot welding of aluminum and 
steel is the readiness of copper to alloy with aluminum. When plain 
copper electrodes are used, this alloying will commence to pit the surface 
of the electrode. after about 20 to 40 spots, whereupon the electrode 
surface will have to be redressed. A recent development! consists in 


1Patent applied for. 
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having chromium on the contact surfaces of the electrodes. A piece of 
chromium rod may be inserted in the copper tip or the tips may be plated 
with chromium. With such tips, it is regular production experience to 
obtain from 1500 to 2000 spots without redressing. 


Fic. 4.—A SPpOT-WELDED JOINT. 


The range of thicknesses that can be handled varies with the capacity 
of the machine. A 20-kw. machine will spot weld two sheets of pure 
aluminum each 0.064 in. thick. Due to the lower conductivity of alloys, 


Fic. 5.—A SPOT-WELDED JOINT. 


greater thicknesses of alloys can be spotted with this same machine. For 
example, in the case of 38, this machine will handle sheet a little above 
0.100 in. thick. Where two items of unequal thickness are to be joined, 
the total thickness of the joint may be somewhat greater but in that case 
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the maximum thickness of the thinner piece will be less. Three or four 
thicknesses may be spotted at one time. 

The metal in the spot will be in the nature of a chill casting. How- 
ever, when properly made, it is perfectly sound. Fig. 3 shows the cross- 
section of such a spot. Figs. 4 and 5 illustrate the general appearance 
of such a joint. 

The strength of the joint, as in riveting, will depend on the number of 
spots. Table 7 gives a comparison between the strength of riveted and 


spotted pan handles. 


TaBLE 7.—Comparative Strengths of Riveted and Spot-welded Handles 
SS I ge i ok ee ee ee ee eee 


| Load Re- 
Style of Fastening pe Remarks 
| Pounds 
Two. riveters.. ya: yall acd Soe eee | 354 Clip failed 
TWO TIVetS ic. toag cen ten daree aa ereae ear ete han aes 510 Rivet sheared 
SE WOUTIVGUSs a-cenene tanker atte karat ae ones oe eee 534 One rivet sheared, 
one torn out 
“ST WOTIVCUS cc. ere orale tone ee 549 Both rivets torn out 
‘Average.: oos02 ook ee ee 487 
Spot: welded—two spots............e.0ss0see0e 420 Both spots torn out 
Spotiwelded— two spotsmeen ens nan 383 Both spots torn out 
Spotawelded——two spoiismaen snr etna tenten 445 Both spots torn out 
Spot welded—two spots..................-+s--- 503 Both spots torn out 
A VOLR GO Ny, parr hot toe ae nie ee ie ee 437 


More recently, experimental work has demonstrated the practicability 
of electric seam welding. This may be considered merely an extension 
of spot welding and the same technical conditions apply for both. 


Fic. 6.—T wo Pincus oF METAL SE 
WO PIBCES OF METAL SEAM WELDED AT EDGES, WHICH HAVE BEEN SUBJECTED 


TO HYDROSTATIC PRESSURE. 


Fig. 6 illustrates the character of such a joint. This part was made 
by taking two pieces of flat sheet, welding around the border, and then 
applying hydrostatic pressure to the parts through a plug proven 
fastened to one of the sheets. Had the welding taken place only in 
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spots, it would not have been possible to generate sufficient pressure 
between the sheets to force them apart into the pillowlike shape noted. 
Riveting 

The properties of the metal both in the material to be joined and in the 
rivet must be considered. When riveting soft aluminum, the metal will 
tend to spread, leaving a wavy edge. This action is due to the greater 
plasticity of aluminum and can be avoided by ‘placing the rivets farther 
from the edge of the sheet than is standard with steel. For the same 
general reason, rivet holes may get out of coincidence if riveting is per- 
formed progressively from one end. To avoid this, the work should be 
held together by temporary bolts scattered along the joint or by riveting 
at random. 

Strong aluminum alloys require special consideration. Due to the 
low plasticity of these alloys in the heat-treated state, thin heads, such 
as the brazier type, should be avoided. The height of the head along a 
line corresponding with the circumference of the shank should not be 
less than one-half of the shank diameter. Such a relationship is neces- 
sary to avoid overworking and damaging the metal in the head. 

Should the rivet head be formed by a great many light blows, the 
surface metal will receive a peening action and consequently this surface 
metal may become severely overworked before the head has been formed. 
The ideal action would be to form the head by one continuous squeezing 
movement, therefore a compression type of riveter is to be preferred. 
When a hammer must be employed, it should be larger than would 
normally be selected for steel rivets of equal dimension. 

When upsetting of heat-treated and aged rivets cannot be accom- 
plished without serious damage to the metal, as indicated by a tendency 
for the rivet head to pop off when subjected to stress or by slight cracking 
of the rivet head, recourse should be had to heat treating the rivets and 
heading them shortly after they have been quenched. They will then 
age spontaneously and acquire the heat-treated state in the assembly. 
The operation of heating and quenching need not cause concern, as it 
can be done in a very small inexpensive nitrate pot and the rivets may be 
used within one hour after quenching. 

In large construction work, at times, it may be desirable to employ 
hot driven steel rivets in the assembling of strong alloy shapes. This 
raises the question whether the heat-treated material will be softened by 
the heat from the rivet. Investigation has shown that the diameter of 
the hot steel rivet may be as great as eight times the thickness of the 
joint before any softening effects can be noted in the aluminum immedi- 
ately adjacent to the rivet shank. Such proportions are seldom, if ever, 
reached in practice and therefore one may assume that no trouble will 


be encountered. 
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DISCUSSION 


E. Lunn, Chicago, Ill—What thickness of aluminum is considered possible to 
spot weld successfully? The Illinois Central suburban cars used in electric service 
have a good deal of aluminum on them, and the aluminum doors were spot welded. 
So far as I know there has not been a single spot weld that has loosened. In some 
experience with sheets up to }g in. thick, the welds were perfect. 

I have in my possession a sample of welding. The metal is lg in. thick. The 
area of the spot is nearly 144 in. In tearing the two pieces apart under shear the 
break came at 1200 Ib. It seems possible to go to even thicker aluminum than that 
with good results. 


P. V. Faracuer, New Kensington, Pa.—TI should say that the thickness of material 
depends to some extent on the composition of the metal. The alloys naturally have 
a higher resistance than the pure metal and it is possible to go to heavier thicknesses 
with those alloys than with the pure metal. 

The machine which we have in our plant enables us to go up to 0.064 in. with pure 
metal and to rather heavier gages than that with the manganese-aluminum alloy— 
the 38 alloy, as we designate it. Also, one of the sheets may be heavier than that, 
while the other is thinner. I do not believe we are in a position to say just what are 
the limits on our machine, but we do commercially carry out the operation on the 
particular sizes I have mentioned. 

Mr. Nagel has indicated in his paper the 0.064 thickness of aluminum. With the 
38 alloy 0.100 in. can be handled, as he says, but we would not say that those are the 
ultimate possibilities. Those are the things which we have done and which we can 
safely tell to prospective users. 


A. D. Camp, Buffalo, N. Y.—At the Buffalo Fabricating Division of the U. 8. 
Aluminum Co. considerable experimental and production work has been done with the 
spot welding of aluminum sheet. We have successfully welded 51SW sheet as thick 
as 346 in. for each sheet, and commercially pure aluminum (2S metal) of the same 
thickness can also be readily welded. 

Tensile-strength tests of spot-welded aluminum and its alloys indicate that the 
strength of sound welds is, roughly, directly proportional to the area of the spot. 
For that reason, unless other considerations limit the size of the spot, we use fairly 
large welding tips. We have found that tips 54 ¢ in. in diameter give very satisfactory 
spots when the conditions of the machine (current density, time of application) and 
pressure have been properly worked out. 

As a preliminary to spot welding, it is very desirable that the machine be properly 
lined up, so that the contact surfaces of the electrodes are exactly parallel and carefully 
centered. With eccentric contacts the current is localized over a constricted area 
thereby causing blowholes and unsound spots. In production welding it has been 
found safest to use slightly crowned electrode tips, which can be most easily adjusted 
by ordinary operators. ; 

Though spot welding of aluminum is now being extensively employed in many 
shops, the process is stillin a state of rather intensive development, which will probably 
result in many improvements over our present practice. 


Machining Aluminum 


By R. L. Temprin,* New KENSINGTON, Pa. 
a 


(Detroit Meeting, September, 1927) 


THE increasing use of aluminum and its alloys in commercial fields 
has demanded a better understanding of their machining properties. 
This fact is exemplified by problems that have arisen in the automotive 
and airplane industries, but many in other fields might be cited. As pure 
aluminum and its alloys in their various commercial conditions show 
appreciable differences in their machining properties, it is not surprising 
that quite divergent solutions have been offered for the machining 
problems encountered. However, if the fundamental requirements of 
the most suitable cutting tools for these metals are understood, these 
machining problems lend themselves more readily to satisfactory solutions. 

Since the machining of free cutting brass and mild steel is understood 
by most persons accustomed to working these metals, it may serve our 
purpose better to first make a general comparison of the tools more 
commonly used in machining these metals with the tools most suitable 
for machining aluminum, then proceed to a more specific discussion of 
the individual tools. 


COMPARISON oF CuTTING TOOLS 


Cutting tools commonly used for machining free cutting brass usually 
have little, if any, top and side rake; they are ground on a medium to 
coarse abrasive wheel and used without any cutting compound or with 
a cutting compound that has a paraffin base. Those ordinarily used for 
steel have some top and side rake, are usually ground on a medium to fine 
abrasive wheel, and are often used with soluble-oil cutting compounds. 
The proper tools for aluminum and its alloys should have appreciably 
more side and top rake than the tools for cutting steel; should have very 
keen edges obtained by grinding with fine or very fine abrasive wheels 
supplemented in many cases by hand stoning with an oil-stone; and 
should be used with suitable cutting compounds whenever possible. 
In many cases, tools suitable for machining aluminum and its alloys are 
not appreciably different from tools commonly used for cutting hardwoods. 

The front clearance of a tool most suitable for machining aluminum 
and its alloys should be about 6°, the top rake from 30° to 50°, making 
the total angle of the cutting edge of the tool TOM OomuOLOD aA Side 
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rake of from 10° to 20° will materially assist in the cutting action of the 
tool. The specific values that should be used for these different angles 
must in many cases be governed by the work being done and the require- 
ments of the machine in which the tool is used. The values given here 
usually will produce the best results, but in some cases departures may 
be made from them, depending on the particular alloy being machined, 
the type of tool and the conditions under which it is used. 

In all cases it is quite essential that the cutting edges of the tools 
shall be keen, smooth and free from grinding-wheel scratches, burrs or 
wire edges. This requirement can hardly be overemphasized, as upon 
it depends, to a large extent, the success of machining aluminum and 
its alloys. Keen tool edges are best obtained by finish grinding on a fine 
or very fine abrasive wheel followed by hand stoning with a fine or very 
fine oil-stone, taking care to see that neither the angles nor the contours 
of the cutting edge are appreciably modified during the stoning operation. 

An attempt has been made to show the character of the machined 
surfaces that will result from using different kinds of planer tools on 
wrought commercially pure aluminum. In the first instance (see Fig. 1), 
the material was machined with a tool frequently used for machining 
free cutting brass. The tool had a total included cutting angle of about 
82° with no top or siderake. Fig. 2 shows the machined surface obtained 
with a tool such as is often used in machining mild steel. This tool had 
a top rake of 14° and a side rake of 16°. Fig. 3 shows the same material 
machined with a tool ground in accordance with the recommendations 
given for machining aluminum. This tool had a top rake of 50°,-a side 
rake of 20° and a total angle of cutting edge of 35°. 

In each of these cases the material was machined in a shaper using 
a feed of 0.022 in. per cut and a speed of 77 strokes per minute. The 
depth of cut was about 14¢4 in. By way of comparison, some of the same 
material was cut in a microtome (see Fig. 4), using a blade having a 
total included cutting angle of 44°. The photographs of the machined 
surfaces were taken under direct illumination using a magnification of 
10 X. The first view in each case shows the surface obtained when 
using soluble cutting oil as a lubricant and the second view when using 
a mixture of equal parts of lard oil and kerosene. 

When a blunt-edged tool, suitable for brass, is used for machining 
aluminum, the chip is not sheared from the piece being machined but 
is pulled off from the work just ahead of the cuting edge of the tool, 
leaving a rough surface on the work. With the continued use of such a 
tool, small particles of aluminum adhere to the cutting edge of the tool, 
soon build up and form a projection of hard worked aluminum, which 
tends to function as the cutting edge of the tool. However, this pro- 
jection of hardened aluminum, while appreciably harder than the material 
being machined, is not of sufficient hardness to cut the aluminum stock 
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Fig. 4.—ALUMINUM MACHINED WITH A MICROTOME. 
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properly; instead, it causes excessive heating of both the tool and the 
work, through friction with the stock and the resultant chip. Decreasing 
the cutting-edge angle of the tool lessens the extent to which the alu- 
minum is deposited on the tool, until a point is reached where little, if 
any, metal will stick to the cutting edge; that is, when the angle of the 
cutting edge is small enough, the tool will cut the chips from the work and 
not tear or pry them off. In order to obtain a smooth surface on the 
work, the cutting tool should curl the chips as little as possible. 


Larue Toous 


Outside turning tools for use in a lathe when machining aluminum and 
its alloys may be of the form suggested in Fig. 5, but tools of this kind, 
when prepared from the usual tool-bit stock, require considerable grinding 
in order to produce the desired shape and it is sometimes difficult to main- 
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Fie. 5.—LATHE TOOL THAT MAY BE USED WITH ALUMINUM. 
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Cleararvce 6° 


tain the values for the different angles when regrinding. A much better 
tool is shown in Fig. 6. The bit of this tool is made from annealed high 
carbon or high-speed steel-rod stock, then properly hardened and tem- 
pered. Resharpening is readily accomplished by holding the bit by its 
shank in the chuck or collet of a tool-grinding machine or an engine 
lathe, then simply grinding off the outside diameter until a keen edge is 
obtained on the bit. After each grinding, the tool should be stoned as 
indicated previously. Using such a tool and resharpening procedure, it is 
comparatively easy to maintain the desired shape throughout the +601 
useful life. Also, this tool has proved more economical than those ground 
from square or rectangular tool-bit stock, and possesses certain adjust- 
able features. When the clamp screw of the tool-bit holder is loosened 
the bit may be rotated to various positions and thus be adjusted 6 
different working conditions. Tools of this form may be used for both 
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rough turning and finishing cuts but where the same tool is used for 
both it should be restoned before being used as a finishing tool. With 
some modifications, either of these two forms of tool may be adapted for 
boring operations. 

These tools, like most others suitable for machining aluminum and 
its alloys, tend to produce continuous chips, which usually are curled 
only a little when the tools are functioning properly. Decreasing the 
top and side-rake angles tends to curl the chips more and hence to break 
them up. The extent to which this may be done and yet obtain the 
desired surface finish depends largely on the particular alloy that is 
being machined. 


Fic. 6.—LATHE TOOL RECOMMENDED FOR USE WITH ALUMINUM. 


Pure aluminum and many of its alloys are capable of being machined 
to a mirrorlike surface, but this surface is easily scratched by the chips 
when they come in forcible contact with it. The chips receive an appre- 
ciable amount of working during their making and are much harder than 
the stock from which they are cut. 

Parting tools for machining aluminum and its alloys should have from 
12° to 20° top rake and be stoned so that their cutting edges are keen 
and smooth. With such tools the front clearance angle should be 
decreased to about 3° or 4°. » cling 

Facing tools should be ground so as to have a side rake similar in 
amount to that indicated for the top rake of the outside turning tools. 

Circular forming tools as used in automatic screw machines are some- 
times difficult to design so that they will machine aluminum and its 
alloys properly. In such cases best results are often obtained by using 
a roughing tool first and following by a very light finishing cut with the 


forming tool. 
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PLANER AND SHAPER TOOLS 


The tool shown in Fig. 6 can be readily adapted to planer and shaper 
work by using a holder, as shown in Fig. 7. Here again the tool may be 
used for both roughing and finishing work when machining aluminum, 


Fig. 7.—PLANER AND SHAPER TOOL FOR MACHINING ALUMINUM. 


but a side cutting tool, as shown in Fig. 8, can be used to better advan- 
tage for still heavier roughing cuts. 

When finishing aluminum in a planer or shaper, care must be used to 
prevent the tool striking or rubbing on the finished surface during the 
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Fic. 8.—PLANER TOOL FOR ROUGHING ALUMINUM. 


return stroke of the tool. If the tool strikes, the work may be scratched 
and the thin edge of the tool broken. 


MILLING CUTTERS 


Milling cutters, straddle mills, end mills and similar cutters work to 
best advantage in machining aluminum and its alloys if they are of the 
coarse-tooth spiral type and have a considerable amount of top rake on 
their cutting edges. Similar tools have been found to work very well 
when machining steel. In some instances milling cutters with nicked 
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teeth assist in decreasing the chip size. F ace-milling cutters with inserted 
teeth can be made that will work very well when machining aluminum. 
Such cutters should be designed so that the inserted teeth have appreci- 
able top and side rake, as previously indicated. The comparatively new 
helical milling cutters, primarily designed for machining steel, work 
especially well with aluminum and its alloys if the cutting edges are pro- 
vided with suitable top rake. The same may he said of staggered-tooth 
milling cutters. 


THREADING TOOLS 


Excellent threads may be chased in even the softest aluminum in an 
engine lathe using a single pointed threading tool with considerable top 
and side rake. The tool must be ground so as to give the required thread 
contour. Hand and machine taps will produce smooth and accurate 
threads in aluminum if they are of the spiral flute-ground thread type. 
Experience has shown that such taps should have a right-hand spiral 
flute when intended to cut a right-hand thread and the spiral angle should 
be similar to that used in an ordinary twist-drill. Very satisfactory taps 
for use in aluminum have been made by chasing threads on annealed 
high-carbon twist-drills followed by retempering and finishing. Taps 
which have a short spiral ground on their front end, such as the “Gun” 
tap, will often work satisfactorily in aluminum when there is room for 
the chips to be forced ahead of the tap and when the thread to be cut is 
not tapered, but taps of this type are not satisfactory for taper threads 
or for use as bottom taps. When using spiral fluted taps, especially in 
automatic screw machines, it has been found advantageous to grind a 
top rake on the back of the lands so that there will be less tendency for 
the tap to seize when backing out of the work. 

Slightly oversize taps often assist materially in maintaining the 
required dimensions of holes in aluminum and its alloys. That is, 
aluminum, on account of its lower modulus of elasticity, has more recover- 
ance after a tapping operation than steel and this is best compensated 
for by the use of slightly oversize taps. 

Thread chasers for self-opening die heads and collapsible taps should 
be ground with appreciable top and side rake. Certain makes of these 
tools lend themselves more readily than others to modifications of their 


cutting angles. 
TWIST-DRILLS 


Ordinary twist-drills sometimes give trouble when machining alumi- 
num and its alloys. Like all other cutting tools for aluminum, twist- 
drills should have keen edges, and a copious amount of cutting compound 
should be used with them. In some instances the single fluted twist- 
drills used in drilling hardwood have been found superior to the usual form 
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of drill. A still better drill for aluminum is one in which the flutes have 
a greater spiral angle; that js, more twists per inch. Examples of these 
drills together with a standard twist-drill are shown in Fig. 9. Straight 


Fic. 9.—THREE TYPES OF TWIST-DRILLS, 3g IN. DIA. 
a, Single flute twist-drill, 40° spiral angle. 
b, Double flute or standard twist-drill, 24° spiral angle. 
c, Special double fluted twist-drill, 47° spiral angle. 


fluted twist-drills such as are often used in drilling brass are quite unsuited 
for drilling aluminum and its alloys. 


REAMERS 


Reamers of the spiral fluted type produce by far the best results when 
machining aluminum and its alloys. Reamers of this type have come 


into quite general use for machining steel and therefore need not be 
further discussed. 


SAWS 


Saws most suitable for cutting aluminum should preferably be of the 
coarse-tooth type and have some top rake on the teeth. In many cases, 
saws which are used for cutting hardwood will be found quite satisfactory 
for sawing aluminum if they are used with a lubricant. Hand hack-saw 
blades of the “wavy-set”’ type work especially well with aluminum. 
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Fines 


Ordinary files, especially those with fine teeth, do not work well on 
aluminum because the cuttings stick in the teeth, but there are a number 
of coarse-tooth files, such as the “Vixen,” ‘“Shearkleen” and “‘Premier,”’ 
which work very well for filing aluminum and its alloys. The success of 
these files depends to a large extent upon the top and side rake of their 
cutting teeth. Quite recently chromium-plated files have appeared on 
the market, and give much promise of being eminently satisfactory for 
use on aluminum irrespective of the size and form of teeth 


GRINDING WHEELS 


Most manufacturers of grinding wheels and abrasives have had so 
much experience in furnishing abrasive tools for cutting aluminum that 
they are able to make quite definite recommendations regarding type of 
wheel, grain size, bond and wheel speeds for the various grinding 
problems submitted. 


CuTTING SPEEDS AND FEEDS 


Quite wide ranges for cutting speeds and feeds have been used in 
machining aluminum and its alloys. Generally, aluminum can be 
machined to best advantage by using comparatively high speeds and fine 
to medium feeds. Surface speeds varying from 500 to 800 ft. per min. 
are possible under some conditions with ordinary carbon-steel tools, 
and appreciably higher speeds may be obtained with high-speed steel 
tools. ‘The feed may vary from as much as 14 in. for roughing cuts to a 
few thousandths of an inch for finishing cuts. The particular values 
to be used for speed and feed are usually dependent on the character of 
work being done, the type of tool used, the lubricant used and the machine 
tool with which the work is done. . 

Cutting speeds faster than those ordinarily used for free cutting brass 
have been used with success in some instances, while in others better 
results have been obtained by using slower cutting speeds. Usually, 
the finer the feed, the higher the speed; and the more curl there is to the 
chip, the slower the speed. Slower speeds and heavier feeds give better 
results when a heavier cutting compound is used. An increase in the 
amount of metal removed from the stock in a given time may often be 
obtained to better advantage by increasing the speed rather than the 
feed when using the tools described, but tools having keen, thin edges 
will not work satisfactorily when chattering occurs, as this action will 
break off the edge of the tools. bio 

Aluminum, like other metals, tends to show a rise in temperature 
when machined with coarse feeds, and since the linear coefficient of expan- 
ison of aluminum is appreciably higher than steel, for example, the 
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finished work may fail to meet the required dimensions unless due allow- 
ance is made for the expansion of the metal. In engine lathe work, a 
common trouble when using heavy coarse-feed cuts is the excessive fric- 
tion set up on the lathe centers due to expansion of the metal with rise 
in temperature. When appreciable heating of the work does occur it 
should be cooled before calipering and finishing to size, in order that the 
required dimensions may be obtained. 


Currinc LusprIcANTts or Tool CooLANTs 


Some of the alloys of aluminum have been machined successfully 
without any lubricant or cutting compound, using tools of the form 
described, but in order to get the best results, some form of lubricant is 
quite desirable. For many purposes a soluble cutting oil is good. 
Ordinary carbon oil or kerosene will often serve but usually it works 
better when mixed with pure lard oil. The proportions of kerosene and 
lard oil should be governed by the character of the work being done and 
the cutting speed and feed being used. An all-round mixture for general 
use will be obtained by using equal parts of kerosene and lard oil. Some 
machinists prefer to add a little turpentine to this mixture, but the 
advantages obtained are doubtful. For heavy cuts and slow feeds such 
as in roughing work or tapping, pure lard oil has been found to give very 
satisfactory results. 

Cutting compounds having a paraffin base, such as are used in 
machining brass, are quite unsatisfactory for machining aluminum. For 
milling, sawing and drilling, the soluble cutting oils are satisfactory and 
more economical than the kerosene or kerosene and lard oil lubricants. 

When the work has been rough machined without using a lubricant, 
sometimes small particles of the metal adhere to the cutting edge of the 
tool. These should be removed by stoning the tool before using it for 
finishing work. A continuous and copious supply of lubricant should be 
fed to the tool, in order to produce the best results. 


CoMPARATIVE MACHINEABILITY OF DirFERENT ALUMINUM ALLOYS 


In order to give some idea of the differences in the machineability of 
some of the more common aluminum alloys in both the wrought and cast 
conditions, the specimens shown in Fig. 10 were prepared. All of these 
were machined on a shaper using the same tool, speed, feed and a mixture 
of equal parts of lard oil and kerosene as a cutting compound. The 
comparative roughness or smoothness of the surface finish obtained 
under such circumstances may be used as an index of the relative machine- 
ability of the different metals. The aluminum-silicon alloys No. 43 and 
No. 47 are perhaps the most difficult to machine, while those of the 


duralumin type, 178-T and No. 196 heat treated have the best machin- 
ing properties. : 
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In conclusion, the fact should again be emphasized that the best tools 
for machining aluminum and its alloys have keen, smooth edges, with 
appreciably more than the customary amount of top and side rake, 
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DISCUSSION 


R. L. Temptin.—More recently a few rather brief articles have appeared, especially 
in foreign literature, on the subject of machining aluminum, but there has not been 
an opportunity to prepare a complete bibliography on the subject. 

The work which this paper covers was not done hurriedly but extended over some 
eight or nine years’ experience in machining. About seven or eight years ago, some 
of the material presented in the present paper was issued in the form of a pamphlet 
by the sales department of the Aluminum Co. of America. At the time of the issuance 
of that pamphlet very little was available in the literature on the subject, and we were 
requested to bring that information up to date and present it at this time. We are 
indebted to Mr. Dix for the slides. 


Equilibrium Relations in Aluminum-silicon and Aluminum- 
iron-silicon Alloys of High Purity 


By E. H. Drx, Jr.,* anv A. C. Hearn, Jr.,f New KensincTon, Pa. 


(Detroit Meeting, September, 1927) 


Tur importance of aluminum-silicon alloys in the light alloy field is 
now generally recognized. Where silicon was once considered detri- 
mental to the properties of aluminum, useful alloys now contain as much 
as 13 per cent. Furthermore, silicon is present as an impurity in alu- 
minum of even the purest grades. 

Iron is another important impurity in aluminum and like silicon is 
found in small quantities in the purest aluminum available today. The 
manner of occurrence of iron and silicon in commercially pure aluminum 
and many of its alloys exerts a very pronounced influence upon their 
properties. The effect of large quantities of iron in aluminum-silicon 
alloys is so detrimental that it has been found necessary to limit the 
allowable maximum percentage to as low a figure as is consistent with 
quantity production and satisfactory physical properties. The intimate 
relation existing between iron and silicon in aluminum and aluminum 
alloys makes necessary a more complete knowledge of this ternary system. 

This paper is divided into two principal parts, dealing respectively 
with aluminum-silicon solubility equilibria and the constitution of 
aluminum-iron-silicon alloys. 


Part I.—ALUMINUMG-SILICON ALLOYS 


The early work on this system was largely confined to determining the 
general form of the diagram and in this respect the results are in good 
agreement. Briefly, aluminum and silicon form a simple eutectiferous 
series without compounds. Until recently the solid solubility of 
silicon in aluminum had not been accurately determined. Fraenkel! 
(1908) stated that aluminum will retain 0.5 per cent. silicon in solid solu- 


* Metallurgist, Research Bureau, Aluminum Co. of America. 
+ Assistant metallurgist, Research Bureau, Aluminum Co. of America. 
1W. Fraenkel: Uber Silicium-Aluminium legierungen. 
(1908) 58, 154. 
?W. Rosenhain, S. L. Archbutt and D. Hanson: Eleventh Report to Alloys 
Research Committee of Institution of Mechanical Engineers. (1921) 212 z 
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to decrease appreciably as the temperature is lowered.” Otani? deter- 
mined the solubility of silicon in aluminum by electrical resistivity 
measurements at three different temperatures, the lowest of which was 
360° C. and attempted to check the results at two of the temperatures by 
a chemical analysis method of doubtful rehability. At about the same 
time Gwyer and Phillips,* using the usual metallographie methods, 
determined the solubility from the eutectic temperature to 500° C, 

Koster and Miiller,® using annealing periods of only 6 hr. and the same 
doubtful chemical method as Otani, have also published a solubility 
curve. The lowest temperature at which they determined the solubility 
was 300° C. Bosshard® in a paper primarily devoted to a determination 
of the effect of relatively small amounts of additional elements on the 
electrical conductivity of aluminum, obtained an indication of the solu- 
bility at two different temperatures. His aluminum contained 0.2 per 
cent. iron. The numerical results obtained by these investigators will 
be found, compared with those obtained in the present investigation, on 
page 178. The eutectic temperature and composition seem to have been 
satisfactorily established by Edwards’ and Gwyer and Phillips.’ 

The present investigation was undertaken in accordance with the 
plan of the Aluminum Co. of America of investigating the constitution of 
aluminum alloys, using aluminum free from appreciable amounts of 
impurities. At the time work was started (in the latter part of 1925) no 
accurate data on the solid solubility of silicon in aluminum had been 
published, and although several investigators have subsequently published 
their results, it was felt that the publication of the writers’ findings would 
be desirable, particularly as this work has covered the solubility at a 
temperature as low as 200° C. Other investigators have not concerned 
themselves with the solubility at this low temperature, probably because 
of the long time required to produce equilibrium. Hence the results 
obtained in this investigation, which incidentally showed a much lower 
solubility than would be expected from the curves of other investigators, 
have been of considerable interest. The maximum annealing time used 
in determining the solubility at 200° C. was 3100 hours. 


3B. Otani: Silumin and Its Structure. Jnl. Inst. Metals (1926) 36, No. 2, 
243-267. 

4A4.G.C. Gwyerand H. W.L. Phillips: Constitution and Structure of Commercial 
Aluminum-Silicon Alloys. Jnl. Inst. Metals (1926) 36, No. 2,283. ee. 

5 W. Késter and F. Miiller: Uber die Loslichkeit des Siliziums im Aluminium. 
Zischr. fiir Metallkunde (1927) 19, No. 2, 52. lly 

6M. Bosshard: The Electrical Conductivity of Pure Aluminum. Aluminium - 
Industrie-Aktiengesellschaft, Neuhausen. Schweiz. Elektrotech. Verein Bull. 
(March, 1927) 18, 113-122. é; Ds 

7 J. D. Edwards: Thermal Properties of Aluminum-Silicon Alloys. Chem. & Met. 
Eng. (1923) 28, 165. — 

8 A. G. C. Gwyer and H. W. L. Phillips: Op. cit. 
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The object of this work was to determine the solid solubility of silicon 
in aluminum, establish the position of the solidus at the aluminum end, 
and to check the eutectic temperature and concentration. 


PREPARATION OF ALLOYS 


Electrolytically refined aluminum of high purity was used; analysis 
showed the following composition: 


ALUMINUM, MaAnaGa- TITAN- VANAD- 
PERCENT- CoprErR, Iron, SILICON, NESE, IUM, IUM, 
AGE BY PER PER PER PER PER PER 
M No. DIFFERENCE CENT. Cent. CENT. CENT. CENT. CENT. 
1982 99.951 0.021 0.012 0.013 Nil 0.002 0.001 


The silicon used had the following composition as shown by analysis: 
Siricon, PErR- 


CENTAGE BY CoprER, IRON, MANGANESE, ALUMINUM, TITANIUM, 
M No. DIFFERENCE Per Cent. Per Cent. Per Cent. Per Cent. PER CEent. 


537 98 .64 Nil 0.66 0.04 0.56 0.10 


The appreciable iron content of the silicon was responsible for the 
higher percentages of iron in high-silicon alloys. However, the alloys 
for the solubility work contained a maximum of 0.05 per cent. iron. 

All alloys (Table 1) were prepared either by melting together alum- 
inum and a 20 per cent. aluminum-silicon hardener, or by first melting 
pure aluminum and then adding silicon as the pure element. The melt- 
ing was done in a small Hoskins electric crucible furnace, using Acheson 
graphite crucibles holding 700 g. of aluminum. The melt was stirred and 
skimmed just before pouring the sample for analysis, which was cast in 
the shape of a thin plate, and then the remainder of the melt was poured 
into an open horizontal mold, giving a bar of cross-section 14 by 5¢ in. 
and 9 in. long. This mold has been described in a previous paper? from 
these laboratories. 


CooLiInae CuRVES 


In addition to the cooling curves which were taken on several alloys 
to check the eutectic temperature, curves were also run on compositions 
close to the end of the eutectic horizontal, in order to obtain some idea 
as to the apparent lowering of the eutectic temperature common to alloys 
in this range and these results, which are given later, are of interest in 
this connection. It was also hoped that this method would give a 
check on the location of the end of the eutectic horizontal which was 
obtained by another method. The latter method consisted of heating to 
just above the eutectic temperature and quenching a number of alloys 
in this range so that those containing even small amounts of the resolidi- 
fied aluminum-silicon eutectic could be determined by means of micro- 
scopi¢ examination. For the cooling curves, 200 g. samples were melted 

9H, H. Dix, Jr., ve 


and H. H. Richardson: Equilibrium Relations in Alumi - 
copper Alloys of High Purity. Trans. (1926) 73, 560. cael 


E. H. DIX, JR., AND A. C. HEATH, JR. 167 


down in a small closed graphite crucible in the electric furnace used for 
preparation of the alloys, and the cooling rate adjusted to give a drop of 
3° C. per min. just before reaching the eutectic temperature for near- 
eutectic alloys. The temperature was measured with a platinum, 
platinum-rhodium couple connected to a Leeds & Northrup type K poten- 
tiometer. The couple was protected with concentric tubes, an inner one 
of porcelain and an outer of graphite and was calibrated against the 
freezing point of aluminum and of the aluminum-copper eutectic, 548° C. 


TABLE 1.—Description of Aluminum-silicon Alloys* 


Analysis 
M No. aaa 
| Copper, | Iron, Silicon, Manga- 
| Per Cent. | Per Cent. Per Cent. Per Gane. 
822. 0.08 OA 
SUEY sale Te oer ees. el 0.03 0.50 
824. 0.03 0.73 | 
825. 0.03 1.01 | 
826.. 0.03 il 25) 
SVAN. = Bee ao We Ae 0.03 il 583 
828... | 0.03 1.81 
Slee 02.05 1.08 
SUD”. ao ee, | 0.05 1.98 
881. | 0.02 0.14 | 
882.. 0.02 0.36 | 
2011 0.04 1.41 
2012 | 0.04 1.70 
2013 0.04 2.00 
2A eee ee ew ee) O02 0.04 2.87 
DA VW cn dikvsia-yeren bs Pleo SO ee ace eae 0.06 4.98 
L395a(Slowlyacooled)e—. .. 2 2. - 11.82 
20838 (Slowly cooled)............ 12 Approximate 
is Oe ere ee cee.) O02 0.08 0.87 0.01 
2 Pree a. 28s)  OL02 0.04 3 OH 0.01 
HSo Alsi dandenensss2s4..4-) 0.03 0.14 0 5) 0.01 
HSmaCAl St Hardenere...-.-.-..| 0:03) | 0.18 18.02 OFOs 
16230(Alest Hardenen)y...4-. 22-2), 0.0L | 0.18 18.99 
2028 (No. 22 gage sheet)......... 0.02 0.06 
2029 (No. 22 gage sheet)......... ee 02 Q), 4! 
2030 (No. 22 gage sheet)... 0.02 0.16 
2031 (No. 22 gage sheet).......-. 0.02 0.23 | 


| | | 


* All alloys chill cast in iron mold except as noted. 


CHECKING EUTECTIC CoNCENTRATION 


In determining the eutectic concentration, 200 g. samples of several 
alloys of approximately the eutectic composition were melted down and 
cooled in the manner used for cooling curves, as previously described. 
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The resulting cylinder was then sectioned, polished and examined micro- 
scopically for all-eutectic areas. It was apparently almost impossible 
to produce a uniform eutectic structure over more than small areas, 
with even this slow rate of cooling; both primary aluminum and silicon 
would be found comparatively close together. An analysis of drillings 
from an area showing a small amount of primary aluminum gave a silicon 
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Fig. 1.—ALUMINUM END OF ALUMINUM-SILICON DIAGRAM, SHOWING THE RESULTS OF 
THIS INVESTIGATION. 

content of 11.82 per cent. This was considered a satisfactory check on 

the value of 11.6 per cent. determined by Edwards!’ using thermal 

methods and the 11.7 per cent. given by Gwyer and Phillips,!! especially 


considering the great ease with which the aluminum-silicon structures 
become modified. 


Menrnops or DETERMINING SOLUBILITY 


The methods used for the solubility determinations were carried out 
as described in a previous paper.!2 In accordance with this procedure, 
all specimens were homogeneized by annealing at 15 to 20° C. under the 
eutectic temperature for a week or more, after which the first tube of 
specimens was quenched; then the temperature was lowered in steps of 


0 J. D. Edwards: Op. cit. 
11 A. G. C. Gwyer and H. W. L. Phillips: Op. cit. 
“HH. Dix, Jr., and H. H. Richardson: Op. cit 
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20 to 30° C. and upon attaining the next quenching temperature the 
annealing was continued for a period of time which was longer the lower 
the temperature. The detailed procedure employed is given in Table 2. 
Heating at the lowest temperature, 200° C., was done in a fused salt bath 
using a bimetallic thermostat for temperature regulation and a small 
motor-driven stirrer for bath circulation. A* Tycos recording ther- 
mometer recorded the bath temperature. The annealing periods at 200° 
C. ranged from a minimum of 1 week to a maxinium of 18!4 weeks. The 
former period proved to be insufficient. It was found that a period of 
about 3 weeks was required to give an indication of precipitation at that 
temperature, although longer annealing proved that equilibrium had 
not been reached in that time. 
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Fig. la.—ALUMINUM END OF ALUMINUM-SILICON DIAGRAM. LOCATION OF BUTECTIC 
AFTER EDWARDS AND LIQUIDUS CURVES AFTER GWYER AND PHILLIPS. 


SoLtipus D&TERMINATIONS 


Heating experiments to fix the point of intersection of the solubility 
curve and eutectic horizontal required a different type of annealing 
block from the one previously described. The construction is shown in 
Figs. 2and3. Fig. 2 is a view of the complete block, which was of cast 
Slumimum and measured. 10 by 10 by 12 in. The central part of the 
block was machined out to form three concentric hollow cylinders of 
progressively smaller diameters, the smallest, which was the actual heat- 
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ing chamber, being located near the center of the block and measuring 
2 in. in dia. and 2 in. in length. The aluminum plug shown in Fig. 3 
was machined to fit these cylindrical recesses, and had six longitudinal 
grooves to take as many iron-constantan thermocouples, the hot junc- 
tions of which were peened into the specimens, as shown in the photo- 
graph. When the plug was in place in the block the specimens occupied 
the small 2 by 2-in. chamber. Quenching was accomplished by with- 
drawing plug, specimens, and couples, as a single unit. The block was 
heated in a Hoskins electric muffle furnace of interior dimensions 12 by 
18 by 48 in. The furnace temperature was controlled by a Leeds & 
Northrup controller-recorder, and the whole arrangement was very similar 
to that described for annealing solubility specimens. With this block, 
temperature variations in the annealing chamber were reduced to a 
negligibly small value; furthermore, the temperature of the specimens 
could be accurately measured. 

Details of the heat treatment of the solidus specimens are given in 
Table 2. All specimens were annealed for 120 hr. at 560° C. in order to 
produce equilibrium, and then quenched. Groups of specimens were 
reheated to about the eutectic temperature for a shorter time, after 
which the furnace temperature was increased to a point close to the 
desired temperature. The temperature was then raised by small incre- 
ments to the desired point, and the specimens were quenched after at 
least 30 min. Temperature readings were taken at 5-min. intervals. 
The highest temperature recorded during the 30-min. period was taken 
as the annealing temperature. The specimens were then examined 
microscopically for evidence of melting. 


IDENTIFICATION OF SILICON PARTICLES 


The microscopic examination of the annealed specimens to determine 
the solid solubility of the silicon was a comparatively simple matter as 
long as the particles of constituent were fairly large, since the silicon 
could be easily recognized by its purple or slate color in the unetched 
condition. 

Fig. 4 shows dark particles of silicon in the aluminum matrix in an 
alloy containing 1.53 per cent. silicon annealed 190 hr. at 565° C., cooled 
to 300° C., and quenched after 24 hr. at thattemperature. Silicon stands 
between FeAl; and MnAl; in point of hardness and when polished with 
magnesia will appear flat in the matrix if proper pressure is used during 
polishing. With too light pressure it has a tendency to stand in relief 
and may at the same time become faded or otherwise discolored so that 
identification by color may not be reliable. The latter is especially apt 
to be true with small and scattered particles present. ‘To remove sur- 
face flow a light swab with a 14 per cent. aqueous solution of hydrofluoric 
acid produced a sharper particle definition, but long etching destroyed 


172 ALUMINUM-SILICON AND ALUMINUM-IRON-SILICON ALLOYS 


E. H. DIX, JR., AND A. C. HEATH, JR. 173 


Fig. 5.—CoMPosiITE PHOTOMICROGRAPHS DISTINGUISHING BETWEEN PARTICLES 
oF Fr-SI CONSTITUENT AND SILICON IN ALUMINUM-SILICON ALLOYS. THE FINAL 
POLISHING OPERATION HAS BEEN OMITTED BECAUSE IT TENDS TO OBSCURE THE TONE 
CONTRAST. UNETCHED. XX 500. FROM LEFT TO RIGHT: 


-): Quenchin 
M No. | pee” Temperature, Remarks 
eg. C. 
| | | 
823-450 0.50 | 450 Showing Si (dark) and an Fe-Si 
constituent. 

823-450 0.50 450 Showing an Fe-Si constituent. 
824-450 0.73 | 450 Showing silicon particles. 
826-550 1-25 550 An Fe-Si particle. 
827-550 1.53 550 | Showing a silicon particle. 


Fig. 4.—ALUMINUM-SILICON ALLOY (M 827-300) conTaAINING 1.53 PER CENT 


SILICON. 
Chill cast in iron mold. Annealed 190 hr. at 565° C., cooled to 300° C. in 214 


hr., held 24 hr. and quenched. Unetched. X 500. Shows dark silicon particles in 
the aluminum matrix, this amount of silicon being considerably in excess of the solid 


solubility at 300° C. 
Fic. 7.—ALUMINUM-SILICON ALLOY No. 22 GaGE (0.025 IN.) SHEET CONTAINING 


0.14 PER CENT. SILICON (M 2029). 
Heated 13 hr. at 450° C., 45 hr. at 495° C., quenched and reheated 3100 hr. at 


200° C. and quenched. Etched lightly with Vg per cent. HF. 500. Shows a 
precipitate of silicon. 

Fic. 8a.—CHinL CAST ALUMINUM-SILICON ALLOY CONTAINI 
stnicon (M 823A). UnetcHep. X 590. Shows fine “rosettes” 


eutectic. 
Fig. 8b.—CuHILL CAST ALUMINUM-SILICON ALLOY CONTAINING 1.53 PER CENT. 


stticon (M 827A). F 
Etchant, 14 per cent. HF. X 500. 
silicon eutectic produced by rapid chilling. 
Fig. 94.—ALUMINUM-SILICON ALLOY OF APPROXIMATELY TH 


TION (M 2083). UNETCHED. 100. ; 
Slowly cooled in furnace. The micrograph shows a coarse eutectic structure 


with probably some excess aluminum areas. 
Fic. 9b.—SPECIMEN OF Fic. 9a AT HIGHER MAGNIFICATION. 
The light colored 6(Fe-Si) will be noted. 


NG 0.50 PER CENT. 
of aluminum-silicon 


Showing typical network of aluminum- 


E EUTECTIC COMPOSI- 


Unercumep. X 500. 
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Tap~ye 2.—Heat Treatment of Aluminum-silicon Alloys 


A. Solubility Determination 


First Anneal: 


M Nos. 822-8, 871-2, 881-2. 
190 hr. at 565° C. and quenched. 
190 hr. at 565° C. cooled to 500° C. in 24 hr., held 24 hr. and quenched. 


190 hr. at 565° C. cooled to 400° C. in 168 hr., held 72 hr. and quenched. 
190 hr. at 565° CG. cooled to 300° GC. in 214 hr., held 24 hr. and quenched. 


Second Anneal: 
M Nos. 825-6-7-8, 822-3, 881-2 
168 hr. at 565° C. and quenched. 
M Nos. 824-5-6-7-8, 871 
168 hr. at 565° C., cooled to 550° C. in 28 hr. and quenched. 
M Nos. 822-3—4-5, 881-2 
168 hr. at 565° C., cooled to 450° C. in 76 hr., held 24 hr. and quenched. 
M Nos. 881-2, 322-3-4. 
168 hr. at 565° C., cooled to 350° C. in 124 hr., held 40 hr. and quenched. 


Reheating: 
M Nos. 822-3, 881-2. 
168 hr. at 565° C. and quenched, reheated at 200° C. for 1 week, 10 days, 2 weeks, 
3 weeks and 4 weeks. 
M Nos. 822-3, 881-2. 
Previously quenched from 350° C. and reheated at 325° C. for 144 hr. and quenched. 
M Nos. 2028-9, 2030-1. 
13 hr. at 458° C., 45 hr. at 495° C. and quenched. 
Reheated 3100 hr. at 200° C. and quenched. 


Maximum Solubility by Reheating: 
M Nos. 2011—2-3-4-5. 
Heated to 574.5° C. in 142.5 hr., held 55 min. and quenched. 
Heated to 577° C. in 101 hr., held 55 min. and quenched. 
M Nos. 2011-2-3. 
Heated to 576° C. in 122 hr., held 30 min. and quenched. 


B. Solidus Determination 
M Nos. 824, 882, 871. 
120 hr. at 560° C. and quenched, then reheated. 
M No. 824. 

43.5 hr. at 577° J., raised to 606.5° C. in 11% hr., held at least 30 min., and 
quenched. Same procedure for other temperatures, 608°, 610°, 614.5°, 618.5° 
and 620° C. 

M No. 882. 

45 hr. at 577° C., raised to 627.5° C. in 114 hr. and quenched after at least 30 min. 

Same procedure for other temperatures, 629.5°, 634°, 637.5°, 640° C. 
M No. 871. 

21 hr. at 577° C., raised at 589° C. in 1 hr. and quenched after at least 30 min. 

Same procedure for other temperatures, 589°, 592°, 599.5°, 600.5° C 
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the color. Silicon particles are remarkably resistant to most etching 
reagents, and they generally are not attacked except for possible outlining 
or fading in color. 

The identification of small silicon particles was made more difficult 
by the inevitable presence of the Fe-Si!’ constituents, and could be 
accomplished only when a comparison of constituents was possible in 
the same field of the microscope. 


Fic. 6.—ComMposiITE PHOTOMICROGRAPHS OF ALUMINUM-SILICON SOLUBILITY 
SPECIMENS REPRESENTING POINTS ON EITHER SIDE OF THE SOLUBILITY CURVE. UN- 
ETCHED. XX 500. FROM LEFT TO RIGHT: 


| Silicon, | Quenching 
M No. | Per Cent. Temperature, Remarks 
| Deg. C. 
| 
827-565 1.53 565 Shows silicon particles. 
826-565 1.25 565 Shows no silicon. 
825-500 | if, | 500 | Shows silicon particles. 
824-500 0.73 500 | Shows no silicon. 
882-400 0.36 | 400 | Shows silicon particles. 
822-400 | O27 | 400 | Shows no silicon. 
| | 


A photographic method was used to aid in distinguishing between 
the silicon particles and the particles of iron-silicon constituent when 
particles of only one constituent occurred in a given field of the micro- 
scope. This method consists of making a number of exposures on a 
single plate by screening off all light except a narrow slot, and by moving 
an adjustable negative holder a distance approximately equal to the 
width of this slot for each exposure. Fig. 5 shows how readily the par- 


13 This symbol is used to denote a ternary body of aluminum, iron and silicon, see 


page 180. 


10a 


10c 
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Fia. 10¢.—CHILL CAST ALUMINUM-SILICON ALLOY CONTAINING 1.08 PER CENT. 
SILICON (M 871-A-603). y 
Annealed 141 hr. at 577° C., temperature increased to 595° C. and held 30 min.; 


specimen quenched. Unetched.  X 1500. Particles of silicon at the grain bound- 
aries due to heating above the solidus. 


Fre. 10b.—CuILLt CAST ALUMINUM-SILICON ALLOY CONTAINING 2.87 PER CENT. 
sILicon (M 2014-577). 

Annealed 24 hr. at 385° C., 26 hr. at 510° C., 24 hr. at 550° C., 20 hr. at 566° C., 
temperature increased to 577° C. in 5+ hr., held 30 min. or more, and specimen 
quenched. Etchant, 14 per cent. HF. X 500. Fine aluminum-silicon eutectic 
due to resolidification of melted areas, and larger silicon particles. 


Fie. 10c.—CHImL CAST ALUMINUM-SILICON ALLOY CONTAINING 1.70 PER CENT, 
SILICON (M 2012-577.) 


Same heat treatment as specimen of Fig. 10b. Uneteched. > 1500. 
aluminum-silicon eutectic and light-colored needles of B(Fe-Si). 


Fine 


Fia. 14a.—CwinL CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 28.09 PER 
CENT. IRON AND 28.87 PER CENT. SILICON (M 2090). 500. 

Etched 45 sec. with 25 per cent. HNO; at 70° C. and quenched. This allov lies 
at the intersection of the lines Al-FeSi, and FeAl;-Si (see Fig. 11). White aluminum, 


dark particles of silicon, an aluminum-silicon eutectic and two unknown constituents 
may be noted. 


Ss 


14¢ 
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ticles in different specimens can be compared in this way. The differ- 
ence in tone which seems quite evident in the photograph is too slight to 
be readily distinguished visually when the particles are widely separated 
or in different specimens. Fig. 6 is given as a matter of record to illus- 
trate observations on both sides of the solubility curve. 


Some Tyricat StrucrurEs 


A finely-dispersed precipitate produced by arsolution heat treatment 
and quenching followed by reheating at 200° C. for 3100 hr. is shown in 
Fig. 7. The alloy contained 0.14 per cent. silicon. Two chill cast 
structures are shown in Figs. 8a and 8b; the alloys contain respectively 
0.50 and 1.53 per cent. silicon.’ A comparison of Figs. 8a and 7 will 


Fig. 14b.—Sprecimmen or Fia. 14a (M 2090-560) ANNEALED 2 WEEKS AT 560°C. 500. 
Etched 10 sec. with 44 per cent. HF. Annealing has caused the disappearance 


of aluminum from the microstructure. The smooth, dark particles are silicon, but 
the other two phases are unknown. 
show that a considerable quantity of silicon was retained in solid solution 
by fast chilling. Slowly cooling an alloy containing approximately 12 
per cent. silicon produced the structure shown in Figs. 9a and 9b. The 
light-colored Fe-Si constituent will be noted in both micrographs. 
Specimens heated and quenched for the solidus determination were 
polished and examined microscopically for evidence of melting. This 
was indicated by grain boundary melting or a cast eutectic structure 
occurring at the grain boundaries. Fig. 10a shows the effect of heating 
a 1.08 per cent. silicon alloy 2 or 3° C. above the solidus and quenching. 
The resolidified aluminum-silicon eutectic in a 2.87 per cent. silicon alloy 
is shown in Fig. 10b. The eutectic, which is not resolved at this magnifi- 
cation, surrounds the larger dark particles of excess silicon. An alloy 
containing 1.70 per cent. silicon, which was given the same heat treatment 
as that of Fig. 10, is shown at a higher magnification in Fig. 10c. 
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RESULTS FROM CooLING CURVES 


Cooling curves of several alloys gave the following results: 


sili 4) tic Arrest, 
M No. ea Ee 
585 12.15 576.9 
Approximate 6.0 577.9 
872 1.98 | 577 .6 to 575.4 
828 1.81 573 .4 to 571.4 
827 1.53 | 571.4 to 569.5 


ee 
The curves on the three low-silicon alloys were taken largely as a matter 
of interest to determine the lowest concentration of silicon giving a per- 
ceptible eutectic arrest. In the last two alloys the degree of undercooling 
combined with the small amount of eutectic freezing was sufficient to 
prevent the entire mass from reaching the eutectic temperature. 


Mopirtep DIAGRAM 


Fig. 1 shows the results of this part of the investigation plotted on an 
enlarged scale, while Fig. la shows a larger portion of the aluminum end 
of the aluminum-silicon diagram, in which the eutectic point has been 
located after Edwards!‘ and the liquidus curves after Gwyer and Phillips. !® 
The solidus was found to be slightly convex downward. The determina- 
tion of the shape of the solidus apparently has not been made by other 
investigators. 

A comparison of the solubility limits, as determined in this and other 
investigations, can be obtained from the following tabulation: 


Solubility, Percentage Silicon 


Tempera- Koster e | | . 

nutes, Otani's Grae ane Mall iS - | Bosshard!9 aan 
577 1.60 1.69 1.50-1.60 | 1.65 
550 1.45 1.35 1.57 1.30 
500 0.90 1.17 0.80 
450 0.95 (460° C.) 0.83 0.48 
400 | 0.50 0.29 
350 |0.52 (360° C.)| 0.25 0.17 
300 0.10 <)220 50k 0.10 
200 0.05 

eee 


*Scaled from curve. 


4 J. D. Edwards: Op. cit. 

* A. G. C. Gwyer and H. W. L. Phillips: Op. cit. 
16 B. Otani: Op. cit. 

A. G. C. Gwyer and H. W. L. Phillips: Op. cit. 
8 W. Késter and F. Miiller: Op. cit. 

M. Bosshard: Op. cit. 
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The close agreement with the results of Késter and Miiller is a matter 
of some surprise since the annealing time used by these experimenters was 
not nearly as long as the authors have found to be necessary to produce 
equilibrium and further, the method of chemical analysis is known to be 
unreliable as an exact indication of the amount of dissolved and free 
silicon. This fact is readily shown by an analysis of the results in Table 
4 of their paper, in which the amount of silicon obtained as SiO, (which is 
taken by them to indicate the amount of dissolved silicon) after annealing 
at 350° C., varies from 0.28 to 0.90 depending on the total silicon content. 


Part I].—ALUMINUM-IRON-SILICON ALLOYS 


The constitution of aluminum-iron-silicon alloys has been investigated 
and discussed by several authors with more or less thoroughness. The 
complexity of the system is generally acknowledged and rapid progress 
toward a clear conception of the equilibrium relations has been hindered 
thereby. The constitution of the aluminum end of the aluminum-iron 
system is comparatively simple. Iron and aluminum form the compound 
FeAl;, which formsa eutectic with aluminum, at 1.7 per cent. iron, and 655° 
C.2° The solubility of FeAl;inaluminumis practically nil. The difficulty 
in developing the ternary system is due to the possible occurrence of 
ternary compounds or solid solutions, the identities of which are extremely 
obscure. The first discovery of the existence of a constituent in com- 
mercially pure aluminum, which was neither FeAl; nor Si, was reported 
in 1919 by Merica, Waltenberg and Freeman.*! Another investigator, 
Wills,22 the same year described an unknown constituent in addition to 
FeAls. 

An account of a systematic study of the aluminum-iron-silicon alloys 
containing up to 8 per cent. each of iron and silicon appeared in the 
Eleventh Report to the Alloys Research Committee of the Institution 
of Mechanical Engineers.”* The theory there advanced was that the 
constituent ““X” was a product of a reaction taking place between the 
melt and FeAl;, which had first separated as part of a binary complex. 
Photomicrographs and thermal analysis data were offered in support of 


this theory. 


20. H, Dix, Jr.: A Note on the Microstructure of Aluminum-iron Alloys of High 
5 Jak 5 dike 
‘tv. Proc. A. 8. T. M. (1925) 25, 120. _ 
as D cee R. G. Waltenberg and J. R. Freeman: Constitution and Metallo- 
graphy of Aluminum and Its Light Alloys with Copper and with Magnesium. Trans. 


) bent, No. 337 (1919). 
64, 3, and Bur. Standards Scientific Paper > 
Tes J ites Micrography of Aluminum Alloys. The Metal Industry. (British) 


(Nov. 21, 1919). 


23 W. Rosenhain, 8. L. Archbutt and D. Hanson: Op. cit, 
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More recently one of the present authors** has discussed the con- 
stituents occurring in aluminum of commercial purity. Gwyer and 
Phillips?® have discussed the constituents and phase relations in the 
aluminum-iron-silicon alloys for a particular rate of cooling of 8° C. 
per min. Their results were represented by the method used by Rosen- 
hain, Archbutt and Hanson. 

The equilibrium relations in aluminum-iron-silicon alloys are at once 
so complex and important and information on them is so comparatively 
meager, that it was felt that any further data would be exceedingly 
desirable, and this investigation was accordingly undertaken. The 
original purpose was to identify the unknown constituents, determine the 
composition, or limits of composition, and to locate the boundaries of 
the various phase fields below the surfaces of crystallization. 

An isothermal section of the aluminum part of the ternary model has 
been drawn and the various phases indicated. The existence of the 
compound FeAl; in the binary system aluminum-iron has been confirmed. 
Two other constituents in the ternary system, in addition to silicon and 
aluminum, have been recognized and their respective fields indicated. 
These have been designated as a(Ie-Si) and B(Fe-Si), in conformity with 
the general scheme suggested in a previous paper.?® These symbols are 
intended to suggest that these two ternary bodies consist of aluminum, 
iron and silicon and are probably more nearly of the nature of a solid 
solution than a definite chemical compound. 


PREPARATION OF At-FE-S1 ALLOYS 


In addition to the lot of pure aluminum (M1932, see page 166 for analy- 
sis) used in the first part of the investigation a lot of 99.2 per cent. grade 
was used. This was possible for some alloys because the principal 
impurities were the alloying elements and the effect of copper and man- 
ganese in small amounts was negligible. The analysis of the lot follows: 


ALUMINUM, 


BY DIFFERENCE Copprr, Tron, SILicon, MANGANESE, 
M No, Per Cent. Per Cent. Pr Cent. Per Cent. Per CEnt. 
1540 99 .22 0.05 0.37 0.35 0.01 


The same lot of silicon was used in this part of the investigation as in 
Part I. The analysis is given on page 166. 
Tron was added in the form of Armco wire of the following composition 
as determined by analysis: 
MANGa- PHos- 


Tron Coprnr,  SiLicon, NESE, CARBON, PHO 
BY DIrreRENCE, Par Ppr Pas PER ' = sae ee 
M No. Pur Crnr, Cent. CENT, CEnrT. Crnt. CENT. CEnrT. 
345 99.895 0.042 0.005 0.022 0.013 0.005 0.018 


4H. H. Dix, Jr.: Observations on the Occurrence of Iron and Silicon in Aluminum. 
Trans. (1923) 69, 957. 


2 A. G. C. Gwyer and H. W. L. Phillips: Op. cit. 


, 26H). H. Dix, ies and W. D. Keith: The Etching Characteristics of Constituents 
in Commercial Aluminum Alloys. Proc. A. S. T. M. (1926). 26, No. 2. 
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Alloys (Table 3) low in iron and silicon were prepared and cast in the 
same manner as the aluminum-silicon alloys, Part I, by the process of 
adding iron and silicon hardeners to pure aluminum. Alloys containing 
22 per cent. or more of iron and a maximum of half as much silicon were 
melted in small Acheson graphite crucibles in an improvised electric 
resistor furnace which was capable of attaining a temperature estimated 
to be 1500° C. Aluminum was first melted down and silicon then added 
as the pure element. The iron was added as Armco iron wire, and the 
charge of a total of 700 g. was heated for some time, often as long as an 
hour, to dissolve all the iron in the melt. After brief stirring, a sample 
for analysis and bars of the dimensions previously given were cast, as 
described in Part I. 


TaBLE 3.—Description of Aluminum-iron-silicon Alloys* 


Analysis 
M No. : 
Iron, Per Cent. | Silicon, Per Cent. 

2090 28 .09 28.87 
2091 0.48 19.40 
2092 OZ 17.60 
2093 3.94 i Gil 
2094 5.79 13.82 
2095 7.29 WL 7 
2096 9.74 9.90 
2097 11.88 1 LOM 
2098 13.84 5.65 
2099 15.06 7.54 
2100 16.82 1.85 
2101 19.34 0.58 
2102 6.89 13.95 
2033 2.92 11.90 
2034 4.84 10.80 
2035 16.74 13oL 
2036 15.22 2.43 
2037 15.10 Al 
2334 22.42 6.61 
2335 25.38 WPT 
2336 29.49 14.78 
2346 31.65 ; 4: 
2347 35.91 | a) 
2509 40.78 | 0.03 C 0.05 
2339 3enlZ | 16.58 


oo eS ee 
* All alloys chill cast in iron mold. 


Cooling curves were taken on a few alloys of widely separated composi- 
tions to determine the maximum safe annealing temperature that could 
be used without danger of partial melting taking place. The melting 
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point of the aluminum-silicon eutectic, 577° C., seemed to be the upper 
limit, although an arrest was noted at 567° C. in alloys of low iron and 
silicon contents. This was obviously the result of the freezing of only a 
very small amount of eutectic, as noted in Part if 

All annealing for equilibrium work was carried out at 560° C., in order 
to make the results of annealing different sets of alloys comparable. The 
equipment used for the aluminum-silicon solubility determination and 
described in Part I, wasemployed. The principal difficulty lay in obtain- 
ing equilibrium and consequently the annealing periods ranged from 1 to 
5 weeks, depending upon the iron and silicon content. Even after 5 
weeks, equilibrium did not appear to have been attained in some alloys, 
particularly those which were very porous. Incidentally, porosity and 
cracks were quite characteristic of alloys containing considerable amounts 
of iron and relatively less silicon. 

The authors’ first attempt to solve the problem was made with alloys 
containing up to 2 per cent. each of iron and silicon. Comparison and 
differentiation of constituents in these alloys was complicated by small 
particle size and similarity in their appearance both in the etched and 
unetched conditions, although no difficulty was experienced in recognizing 
silicon with the usual exception of very small particles. 


GUERTLER MrtrHop or Mappinc TERNARY DIAGRAMS 


After an exhaustive examination did not yield conclusive results it 
was decided to attempt to obtain some general information concerning 
this system, following Dr. Guertler’s method?’ of mapping out ternary 
diagrams, and using alloys containing larger percentages of both iron and 
silicon, so that the constituents could be more easily identified. 

In 1926, Dr. K. L. Meissner?’ presented a paper before the American 
Institute of Mining and Metallurgical Engineers in which he indicated 
how Dr. Guertler’s method may be applied to the ternary system alu- 
minum-iron-silicon, basing his diagram on a preliminary paper by one of 
the authors.*® The data were admittedly insufficient for this purpose, 
but served to explain the general plan of attack. A little later the authors 
had opportunity to discuss the whole scheme in considerable detail with 
Dr. Guertler on the occasion of his visit to this country. They have 
attempted to follow his plan of attack, but have encountered many diffi- 
culties which perhaps are not so apparent on the surface. 

The method is based on the fact that if binary or ternary homo- 
geneous bodies occur then they will form among themselves and the three 
components various ternary systems, subdividing the original model, or 


Ae a Guertler: Considerations in Theoretical Metallurgy. Metal. u. Era. (1920) 
, 192. 


78K. L. Meissner: The Microstructure of Alumi 
x um ‘ rans. 
av HHS Dix, Ire: Op. cit. mum. Trans. (1926) 78, 622. 
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triangle, considering an isothermal section, into a number of smaller 
triangles, the apices of which coincide with the compositions of the 
compounds and the components. Passing from a field included in the 
area of one of these smaller triangles into an adjacent field will result in 
the disappearance of one constituent from the microstructure and the 
_ appearance of a new one. The location of the boundary line can then 
be determined by microscopic examination and the compositions of the 
phases will lie along these lines. The two articles referred to should be 
consulted for a more thorough explanation of this method. Its applica- 
tion to the aluminum-iron-silicon system is illustrated in Fig. 11. 


100% 
Fe 


5 
SEAN 
REE 
SEALE 
EIEN, 


LIS 


Al S0% 
Fig. 11.—Atn-Fr-SI DIAGRAM OF POSSIBLE QUASI-BINARY SYSTEMS. 


K 


APPLICATION OF GUERTLER MeETHOD 

The existence of two iron-silicon binary phases of variable composi- 
tions corresponding approximately to the formulae FeSi and FeSi, has 
been established by Phragmen*® by means of X-ray analysis and micro- 
scopic examination. These two compounds and FeAl; are indicated in 
Fig. 11, and lines representing possible quasi-binary systems have been 
drawn, assuming that no ternary phases occur. To determine which of 
the lines, if any, was real, alloys were prepared corresponding to the 
intersections of the lines as shown by the circles. The microstructure of 


30 G. Phragmen: Constitution of the Iron-Silicon Alloys. Jnl. Iron Steel Inst. 
(1926); also Engineering (1926) 122, 369. 
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the alloy at the intersection of Al-FeSiz and FeAl,-Si is shown in Figs. 
14a and 14b. Fig. 14a, chill cast, shows the white aluminum, a fine 
aluminum-silicon eutectic, larger dark particles of silicon and two 
unknown constituents. The structure of a portion of the same specimen, 
after being annealed 2 weeks at 560° C. is shown in Fig. 14b. The 
structure shown is representative of the alloy and illustrates as nearly as 
possible the relative amounts of the three phases present, none of which 
isaluminum. The presence of three phases shows that the point does not 
lie on a quasi-binary line and the absence of aluminum is further proof 
that the line Al-FeSi, does not exist. 

The alloy corresponding to the intersection of the lines Al-FeSi and 
FeAl,-Si, after being annealed for 5 weeks at 560° C. is illustrated in Fig. 
15. Three phases were distinguished and no silicon or aluminum found. 
The presence of the three phases shows that this point also does not le 
on a quasi-binary line and the absence of aluminum is additional proof 
that the line Al-FeSi does not exist and likewise the absence of silicon 
confirms the conclusion that the line FeAl;-Si is not real. This conclu- 
sion is contrary to the findings of Fuss*! quoted by Meissner, which were 
to the effect that the line FeAl;-Si does correspond to a real quasi- 
binary line. 


TERNARY PHASE OR PHASES IN STRUCTURE OF ALUMINUM-RICH ALLOYS 


The experiments apparently gave fairly good evidence that the micro- 
structure of aluminum-rich alloys was complicated by the existence of at 
least one ternary phase. The next step, therefore, was to prepare alloys 
lying along the line of 80 per cent. aluminum, as shown in Fig. 12. After 
being annealed at 560° C. they were examined microscopically both 
etched and unetched. The work of comparison and differentiation of the 
microconstituents proved to be the most difficult of the entire investiga- 
tion. Without going into a detailed account of the first microscopic 
examination, the presence of two quasi-binary lines seemed to be indi- 
cated. One of these, marked “B”’ in Fig. 12 was sharply defined by the 
appearance or disappearance of silicon in the microstructure, according 
as the quantity of silicon in the alloy was increased or decreased. The 
position of the second line was rather doubtful because of the difficulty 
of distinguishing FeAl, from the a(Fe-Si) constituent. The line is 
marked “A” in Fig. 12. 

Following out the original plan, alloys with compositions lying along 
the lines A and B were cast and annealed. Some of them were extremely 
hard and brittle, as well as porous. The results of microscopic examina- 
ee a Has ee disappointing from the standpoint of 

8 ternary phases, but served one very important 


$1 Vincenz Fuss: The Constitution of Ternary 
Metallkunde (Jan., 1924) 16, 24. : 
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purpose, namely, to locate the points on these lines at which free alu- 
minum was no longer visible in the microstructure. 


DirricuLty orf LocATING PHAsgé Fretp BOUNDARIES 


After an intensive metallographic examination of the alloys the 
diagram shown in Fig. 13 has been drawn in a manner which appears 
to be most easily reconciled with the authors’ observations. The 
unknown phases are designated respectively as a (F e-Si) and 6(Fe-S1) 
and their compositions are shown by the large circles to indicate possible 
variable compositions. These points are located for the sake of com- 
pleteness from theoretical and other considerations, and should not be 
construed as being supported by conclusive evidence except in so far as 
the presence or absence of free aluminum was shown by alloys located on 
the lines A and B as mentioned above. There are thus three fields which 
have aluminum as a common constituent in the microstructure and so 
are of particular importance in the metallography of aluminum. 

It should be realized that the aluminum undoubtedly holds small 
amounts of some of the other constituents in solid solution. No attempt 
has been made to determine or even indicate the extent of the aluminum 


Fig. 15.—CHinn CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 33.12 PER CENT. 
IRON AND 16.58 PER CENT. SILICON (M 2339-560). 

Annealed for 5 weeks at 560° C. and quenched. Etched 40 sec. with 25 per cent. 
HNO; at 70°C. X 500. This alloy lies at the intersection of the lines Al-FeSi and 
FeAl,-Si (see Fig. 11) and shows three unknown phases. The dark areas are due to 
porosity and cracks. 

Fig. 16.—CHILL CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 16.82 PER CENT. 
IRON AND 1.85 PER CENT. SILICON (M 2100-560). 

Annealed for 2 weeks at 560° C., and quenched. Etched 40 sec. with 25 per cent. 
HNO; at 70° C.  X 590. Shows the field aluminum plus FeAl; plus a(Fe-Si). 
Oe Fig. 13.) Cores of particles are FeAl; they are in relief. a(Fe-Si) is lighter in 
color. 

Fie. 17.—CuHiInn CAST ALUMINUM-IRON SILICON ALLOY CONTAINING 15.22 PER CENT. 
IRON AND 2.43 PER CENT. SILICON (M 2036-560). 

Annealed 2 weeks at 560° C. and quenched. Etched 10 sec. with 20 per cent. 
H2SO, at 70° C. XX 500. This alloy lies in the same field as the specimen shown 
in Fig. 16 Also shows core of FeAl; blackened by the etch and a(Fe-Si) which is 
less severely attacked. 

Fie. 18.—Cuinn CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 15.10 PER CENT. 
IRON AND 9.71 PER CENT. SILICON (M 2037-560). 

Annealed 2 weeks at 560° C. and quenched. Etched 40sec. with 25 per cent. HNO; 
aut 70° C. x 500. The alloy lies in the field aluminum plus a(Fe-Si) plus B(¥e-Si). 
(See Fig. 13.) Shows two large particles consisting of a(Fe-Si) and B(Fe-S1), also 
smaller particles which are probable 6(Fe-Si). 

Fig. 19.—SaME SPECIMEN AS SHOWN IN Fic. 18. . 

Etched 10 sec. with 20 per cent. H.SO, at 70°C. > 500. Showing the effect of 
20 per cent. H.SOs on a(Fe-Si) and B(Fe-Si). They seem to be attacked about 
equally. The significance of the blackened areas is doubtful. 

Fig. 20.—CHILL CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 11.88 PER CENT 
San a ce ae CENT. SILICON (M 2097-560). 

Annealed 2 weeks at 560° C. and quenched. Etched 40 sec. with ) 
HNO; at 70 C. x 500. This alloy ie in the field aluminum seh stress) i ee 
silicon. (See Fig. 13). The dark silicon particles will be readily distinguished. The 


large particles seem to consist of | -Si Si 
See sist of both a(Fe-Si) and B(Fe-Si). The smaller needles are 
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solid solutions. Starting from the iron side of the aluminum corner, 
the first field encountered is aluminum plus FeAl; plus a(F e-Si). An 
alloy lying in this field is shown in Fig. 16. The dark cores are con- 
sidered to be FeAl; and are in relief, although a dark or light appearance 
is often a matter of focus. The amount of the a(Fe-Si) produced by 
adding 1.85 per cent. silicon to an alloy containing 16.82 per cent. iron 
is quite remarkable. The question of proof as to which part of the duplex 
particles is FeAl; seems to be answered satisfactorily in Fig. 17. The 
alloy lies in the same phase field and contains 15.22 per cent. iron and 2.43 
per cent. silicon. It was etched with 20 per cent. sulfuric acid at 70° C., 
which is known to blacken FeAl;. The cores of the particles in Fig. 17 
are quite consistently blackened. 

With increasing silicon content FeAl; should disappear and the new 
phase should be 8(Fe-Si). This situation is shown in Fig. 18. The speci- 
men was etched the same as that of Fig. 16. The marked similarity in the 
appearance of a(Fe-Si) and 6(Fe-Si) will be evident. Most of the small 
particles appear to be 6(Fe-Si). The duplex nature of the large needles 
is only made known by the fact that one part, a(Fe-Si), stands in relief 
with respect to the other. 

The same alloy etched with 20 per cent. sulfuric acid at 70° C. is 
shown in Fig. 19. a@(Fe-Si) and 8(Fe-Si) are attacked about equally by 
this etch. A few black areas will be noted, the significance of which is 
doubtful. The field aluminum plus 8(Fe-Si) plus silicon is illustrated in 
Fig. 20, which is an annealed alloy containing 11.88 per cent. iron and 
7.67 per cent. silicon. The dark particles of silicon will be readily recog- 
nized. In Fig. 20, however, both a(Fe-Si) and B(Fe-Si) are shown 
together, in addition to aluminum andsilicon. This is only an example of 
the difficulty involved in the exact location of the phase field boun- 
daries. The alloy lies close to the boundary, but the presence of appre- 
ciable amounts of silicon shows that it lies within the field Al-8(Fe-Si)-Si 
and the presence of a(Fe-Si) must be attributed to failure to obtain 
equilibrium. 

It might be suspected that equilibrium would be more rapidly 
attained the greater the amount of the soluble constituent, silicon. 
Figs. 2la and 21b are micrographs of an alloy in which the iron and 
silicon contents are the reverse of the alloy of Fig. 20, thus placing the 
composition well within the field Al-6(Fe-Si)-Si. They are respectively 
unetched and etched with 20 per cent. sulfuric acid at 70° C. The dark 


particles in both micrographs are silicon and the needles are the homo- 
geneous 8(Fe-Si). 


REACTION ZONES 


One of the most striking characteristics of the microstructure of these 
ternary alloys is the occurrence of reaction zones around the iron-silicon 
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constituents. This has led several investigators to suggest that FeAl; 
which forms at a relatively high temperature reacts with some of the liquid 
to form the so-called “XY” constituent. One of the authors has previously 
shown*® that in certain aluminum alloys containing comparatively large 
amounts of iron and silicon several reaction zones are often found around a 
single needle presumably of FeAls. The scope of the present investigation 
has not permitted a study of changes taking place during solidification 
of the alloys. The theory advanced in the Eleventh Report to the Alloys 
Research Committee*’ has already been mentioned. It has been endorsed 
and considerably amplified by Gwyer and Phillips,?4 who, however, 
made no attempt to obtain equilibrium by annealing and consequently 
encountered several unstable phases in addition to the equilibrium 
structure. That such reaction can be produced by long-time annealing 
at a high temperature is shown by a comparison of Figs. 16 and 22. In 
the chill cast alloy of Fig. 22 the reaction zone around the large needles 
of FeAl; is very narrow in comparison with that shown in Fig. 16, in 
which the width of the zone has been considerably increased by annealing 
for 2 weeks at 560° C. The ‘Chinese script’ figures seem to be the 
same as a(Fe-Si) by tone comparison. These reaction zones and the 
resulting constituents of nearly identical color and hardness, which give 
very similar results on etching, have been the cause of the great difficulty 
in establishing the constitution of this system. 


Tue Compound FEAL; 


To confirm the existence of the binary compound FeAl, an alloy cor- 
responding to its composition was prepared. Fig. 23 is a photomicro- 
graph of the alloy after annealing 2 weeks at 560° C. It is completely 
homogeneous. The black areas are holes and cracks. The actual com- 
position of this alloy is very close to the theoretical percentage of the 
compound. The 25 per cent. nitric acid quench has slightly darkened 
the compound. It was thought that this alloy would be useful in trying 
different etches for purposes of the identification of FeAl;; actually it 
was not, on account of non-uniform results, and the different behavior of 
the constituent when alone and in the presence of other constituents. 

The diagram of Fig. 13, shows a line drawn from FeAl, intersecting a 
line from the aluminum corner at a point which theoretically should be 
the composition of a(Fe-Si). In other words FeAl; and a(Fe-Si) should 
form a quasi-binary system and any alloy lying upon this line should 
consist of these two constituents. Fig. 24 shows the unetched micro- 
structure of the annealed alloy lying on this line. It contains 35.91 per 
cent. iron and 3.95 per cent. silicon. The two phases should be FeAl; 


32, H. Dix, Jr.: Op. cit. 
33 W. Rosenhain, 8. L. Archbutt and D. Hanson: OV hike 


34 A. G. C. Gwyer and H. W. L. Phillips: Op. cit. 
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and a(Fe-Si). The drawing of the line is further justified because alloys 
lying on the side toward the aluminum corner contain free aluminum and 
those on the other do not. The dotted line, a(Fe-Si)-8(Fe-Si) also 
represents this important change in the microstructure. 


ErcHinec REAGENTS 


Two etching reagents were used for the most part—25 per cent. 
nitric acid at 70° C. followed by quenching in celd water and 20 per cent. 
sulfuric acid at 70° C., likewise followed by quenching in cold water. 
Often, however, the quenching was omitted and the specimen merely 
held in a stream of cool water without appreciably affecting the results. 
The etching times were usually 40 sec. with 25 per cent. nitric acid and 
10, 20 or 30 sec. with 20 per cent. sulfuric acid. The nitric acid quench 
was most desirable for photographic purposes, not attacking the aluminum 
matrix and slightly improving the contrast of the other constituents, 
at the same time not severely attacking them. The action of 20 per cent. 
sulfuric acid on all constituents except silicon was rather severe; a(Fe-Si) 
and B(Fe-Si) were attacked about equally, both being roughened, but 
not darkened much. Sulfuric acid was used to identify FeAl; which 
is colored black, but the particles were not attacked equally, the degree 
being influenced by both particle size and depth of surface flow by polish- 
ing. Fifteen seconds etching with 14 per cent. hydrofluoric acid was 


Fiq. 21a.—CHinn CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 7.29 PER CENT. 
IRON AND 11.77 PER CENT. sILIcoN (M 2095-560). 

Annealed 2 weeks at 560° C. and quenched. Unetched. X 500. Shows silicon 
and homogeneous needles of 8(Fe-Si). 

Fig. 21b.—SPECIMEN OF Fic. 21a. 

Etched 10 sec. with 20 per cent. H.SO. at 70° C. and quenched. — X 500. Shows a 
uniform attack on needles of B(Fe-Si). The color of the silicon particles seems to have 
faded by etching. 

Fig. 22.—CHILL CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 16.82 PER CENT. 
IRON AND 1.85 PER CENT. sILicon (M 2100). 

Unetched. 500. Shows large particles of FeAl; surrounded by a narrow sheath 
of a(Fe-Si). The ‘‘Chinese script” figures appear to be a(Fe-Si). 

Fia. 23.—CHILL CAST ALUMINUM-IRON ALLOY, CONTAINING 40.78 PER CENT. IRON 
(M 2509-560). 

Annealed 2 weeks at 560° C. and quenched. Etched 40 sec. with 25 per cent. 
HNO; at 70°C. xX 500. Thisalloy corresponds to the composition of FeAl;. Shows 
the compound FeAl;, which has not been attacked by the etch, except for a slight 
darkening. The black areas are holes. 

Fic. 24.—CHILL CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 35.91 PER CENT. 
IRON AND 3.95 PER CENT. SILIcon (M 2347-560). File ein AICS RE 

_ This alloy lies on the line FeAls-a(Fe-Si). (See Fig. 13. 
fee ot: pees a0)? (Ce and quenched. Shows the two phases FeAl; (dark), 
a(Fe-Si) and black holes. 

Fig. 25.—CHILL CAST ALUMINUM-IRON-SILICON ALLOY CONTAINING 13.84 PER CENT. 
IRON AND 5.65 PER CENT. SILICON (M 2098-560). cen fae (ae 

? <s at 560° C. and quenched. Etche sec. with 72 per cent. Hi. 
x ES Sees in the field Sieasiea plus a(Fe-Si) plus B(Fe-Si). @(Fe-Si) ie 
been roughened, but not darkened by the etch. (Fe-Si) has been colored nearly black; 
it is somewhat overetched. 
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fairly satisfactory for identifying B(Fe-Si) which was colored brown. 
This etch did not seem to attack a(Fe-Si), as shown in Fig. 25. The 
alloy contains 13.84 per cent. iron and 5.65 per cent. silicon and was 
annealed 2 weeks at 560° C. The small needles and outer parts of duplex 
particles are 6(Fe-Si) colored dark brown, and the cores of a(Fe-Si) 
are not colored, although they are roughened. Five and 10 per cent. 
sodium hydroxide were also tried, but with no particular success for 
identification of constituents. 


Errect or ANNEALING ON THE “As Cast’? STRUCTURE 


The “as cast” structure, particularly the elongated prismatic bodies 
of FeAl, and B(Fe-Si), was not obliterated to any great extent by anneal- 
ing. Duplex particles found in the unannealed alloys were generally in 
a state of metastable equilibrium, and annealing caused an increase in 
the amount of one constituent and a decrease in the amount of the other. 
The ‘Chinese script”? formation exhibited a remarkable persistency in 
retaining its original form during annealing. The aluminum-silicon 
eutectic was commonly found in all cast alloys irrespective of composition. 
Upon annealing, however, the silicon either disappeared entirely or 
coalesced into larger particles, depending upon the composition. As 
pointed out previously, 8(Fe-Si) usually appeared in the microstructure 
as needles, the size of which seemed to depend on the rate of cooling. 
Apparently the sensitivity to the cooling rate is extraordinarily great as 
even in a bar of section 14 by 5¢ in. cast in an iron mold the structure was 
found to be very different as between the outer part, which is the first 
to freeze, and the center. 


BouNDARY OF THE AL-@(FE-S1)-St PHase Fievtp 


Bosshard has furnished an interesting confirmation of the boundary 
of the aluminum-§(Ie-Si)-silicon phase field. In the paper*® previously 
referred to he gives the results of a series of electrical conductivity 
measurements made upon some alloys containing a constant quantity 
of silicon (1 per cent.) and increasing quantities of iron. These show that 
after annealing at 550° C. the conductivity increased with increase in 
iron up to 2 per cent. iron and then gradually decreased. Concerning 
this phenomenon he states: ‘From these conductivity investigations it is 
to be expected that iron and silicon neutralize each other in the atomic 
relationship of 1:1 and in the weight relationship of 2:1. This chemical 
compound does not seem to be ferro-silicon, but apparently a ternary 
compound exists which contains iron, silicon and aluminum.” 

According to the isothermal section (560° C.) of Fig. 13, aluminum- 
iron-silicon alloys containing 1 per cent. silicon and less than 1.75 per 


°° M. Bosshard: Op. cit. 
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cent. iron fall in the field aluminum-8(Fe-Si)-silicon. The scope of this 
investigation has not permitted the determination of the solubility of 
the silicon in aluminum under these conditions, but some solubility 
undoubtedly exists. Thus in Bosshard’s experiments the addition of 
iron to the 1 per cent. silicon alloys caused the formation of 6(Fe-Si) and 
so removed some of the silicon from solution, thus increasing the conduc- 
tivity. This effect continued until further addition.of iron caused the 
alloys to enter the aluminum-a(Fe-Si)-8(Fe-Si} phase field, whereupon 
the conductivity began to decrease, since the effect of the increasing 
amount of insoluble constituent was no longer overbalanced by the greater 
effect of removing a constituent from solution. 

In concluding this discussion the authors desire to reconcile the pre- 
viously published information on this system and the facts which are 
everyday knowledge to those familiar with the microstructure of com- 
mercially pure aluminum and its alloys with the observations made in 
this investigation. 


“X?? CONSTITUENT OF COMMERCIAL ALUMINUM 


It is common knowledge that there occurs in aluminum of commercial 
purity a light gray constituent which definitely is not FeAl; and there- 
fore must be due to the simultaneous presence of aluminum, iron and 
silicon. It was first designated as the “X” constituent by Merica and 
his associates.2® The very characteristic structure aptly described by 
Wills’? as “Chinese script” is apparently the eutectic form of this con- 
stituent. Commercial use of the aluminum-silicon alloys has led to the 
general knowledge that the iron-silicon constituent occurring in these 
alloys takes the form of curved needles or plates, although in other ways 
it is difficult to distinguish from the iron-silicon constituent which occurs 
when there is no free silicon in the microstructure. The ‘Chinese script” 
structure has never been observed associated with free silicon. These 
facts alone would seem to indicate the existence of two iron-silicon 
constituents. However, the diagrams given in the Eleventh Report 
to the Alloys Research Committee indicate a single constituent, also 
designated as “‘X”’, existing both in the aluminum of commercial purity 
and the aluminum-silicon alloys. It has already been stated?’ by one of 
the authors of that report that they were not satisfied that the system 
had been completely worked out. 

Gwyer and Phillips? show a number of constituents in each field 


owing to incomplete equilibrium, but follow Rosenhain in indicating the 


36 P. D. Merica, R. G. Waltenberg and J. R. Freeman: Op. cit. 


37. J. Wills: Op. cit. 
38 Discussion by W. Rosenhain of paper, ‘Observations on Occurrence of Iron and 


Silicon in Aluminum,” by E. H. Dix, Jr. Trans. (1923) 69, 971. 
39 A. G. C. Gwyer and H. W. L. Phillips: Op. cit. 
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existence of ““X” in both the high and the low-silicon alloys. It has 
seemed to the present authors that the continuance of the designation 
“Y¥” in view of our more complete knowledge of the system would be 
ill-advised and hence they have followed a new and more logical terminol- 
ogy. Thus the low-silicon aluminum-iron-silicon constituent generally 
occurring as “Chinese script” in cast commercial aluminum designated as 
“XY”? by Merica, Rosenhain and Gwyer and their associates is indicated 
as a(Fe-Si) in the diagram of Fig. 13, and the second aluminum-iron- 
silicon constituent containing more silicon as B(Fe-Si). This is the 
constituent occurring as curved needles or plates associated with the 
silicon particles in the commercial aluminum-silicon alloys. This 
structure is probably the ternary eutectic mentioned by Gwyer and 
Phillips who have given its freezing point as 577° C. and its composition 
as 11.6 per cent. silicon, 0.8 per cent. iron and 87.6 per cent. aluminum, 
although they name its constituents as silicon, aluminum and “X”’. 

Needles are also formed in commercial ingot aluminum containing 
a relatively large amount of iron in comparison with the silicon, but these 
are FeAl; and have definitely different etching characteristics from B(Fe- 
Si). The existence of a phase field containing only FeAl; and aluminum 
could not be proved. Even a small amount of silicon caused the forma- 
tion of considerable a(Fe-Si). 
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DISCUSSION 


P. D. Merica, New York, N. Y.—This paper is another contribution by Mr. 
Dix and his collaborators to the metallography of aluminum, and it is now evident 
that it is one of a series of investigations of a systematic nature devoted to the metal- 
lography of aluminum. I want to congratulate the authors and company not only 
on the execution of its work but on the conception of the plan. 

This method of attacking the metallography of alloy systems is somewhat new 
We all know that in the past we have had to search the literature for information on 
the constitution of alloys and such as we could find was pretty well scattered around 

The older investigations have been done in a variety of laboratories with widely 
varying methods, accuracy and dependability, and although these early iaresbiaaeone 
gave us a perspective of the situation, they left a great many features undecided ana 
were often wanting in accuracy necessary for a practical application of their results 
It is certainly very gratifying to note the distinct difference in method foday 
in which certain laboratories are devoting themselves with accuracy and precision io 
the working out of the practically useful features of the constitutional dia ne anid 
with the accuracy that is requisite for the practical application of yan niet 

In the second part of this paper the authors deal with the metallography of all ee 
containing both iron and silicon, and particularly with the constitution of the ane 
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“X” constituent. Ihave a particular interest in this part of the paper since I had the 
honor of rendering the tremendous service to metallography of recognizing that we 
did not know anything about this constituent and of therefore calling it ““X.” And 
I note that one of the conclusions of the paper has been to eliminate the “X” in this 
situation, replacing it by two Greek letters. But those two Greek letters are not so 
ominous as they sound because although the “X” constituent meant nothing, since 
its composition was unknown, the two alpha and beta constituents that Mr. Dix 
has christened really are known, as a result of his investigations to within rather 
narrow limits. He has made a distinct contribution to the elucidation of this 
mysterious puzzle. ! 

There is another feature of the paper which is of general interest, and that is the 
application of Dr. Guertler’s method of metallographic attack to ternary systems. 
Mr. Dix’s paper is well worth reading from that: standpoint alone, as an excellent 
illustration of the application of this method and as an indication of its power in 
determining the metallography of ternary systems. 

In the first place, we should perhaps not overestimate the profundity of nature 
of this method, the basis of which is really very simple. As nearly as I understand it, 
it consists in this one premise, that if in a ternary system you prepare a series of alloys 
lying along any straight line in the ternary graphical diagram as commonly made, 
and examine the structure of these alloys along that line and find two constituents, and 
only two; and that if you make enough of those alloys so that you can find two alloys 
at either end, each of which has only one constituent and that constituent one of the 
two which you have been observing along that line, then on that line you have a 
so-called pseudobinary system. But I do not think we can draw the conclusion that if 
you study the structure of an alloy on some such straight line in a ternary diagram 
and find only two constituents, it necessarily follows that those are the two constituents 
at the ends of that line on the ternary diagram. That is probably true, but I do not 
think it is necessarily true any more than in a binary system you might assume that 
if you find two constituents they are necessarily the end components of the binary 
system. They may very well be instead intermetallic compounds. 

We should remember that the basis of this method is a fairly simple one and it has 
its limitations, of which we must be very careful. ; 

Then there is another feature of it that has somewhat, puzzled me, and that is 
the effect of the presence of solid solutions on the application of the method. Cer- 
tainly if you consider a ternary system, in which two of the metals form a continuous 
series of solid solutions, it is no longer true that the ternary diagram can be broken up 
into triangles as Dr. Guertler suggests, within each of which you will have three 
constituents, represented by composition of the corners of the triangle. In fact, in 
such a system you will have the ternary diagram broken up into four-sided figures in 
that case, of which one constituent will be a solid solution of unknown composition 
which you will not be able to determine by application of the method. eaten 

Furthermore, if we have limited solubility in a ternary system, there are di hae 
introduced. Thus consider a ternary system, consisting of the metals A, B ea < 
of which the metal C is soluble to a limited extent in A and the metal B is not soluble 
in A, and a compound BC. If you consider the pseudobinary line joining the con- 
ne A with the compound BC, assuming now for the moment that there is a 
ee Bec iuent C in A, a point on that line according to the simple theory 
should Ee anit of two constituents, the metal A and the eae es eu 
either have to assume that because of the presence of BC there can be no eh 

: i i der for the point to line on that line and have only two phases, 
sate tee ee, constituents solely, not on the line joining A and BC, but on a 
ae little bit aside from it due to the displacement of that line by the solubility 


of Cin A. 
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I do not think that the solid solubility effect applies to any extent in the work done 
by Mr. Dix as solubility of iron and silicon in aluminum is very slight, but it seems to 
me it can affect the application quite substantially in cases of solubility as great as 
4 or 5 per cent. 


S. L. Hoyt, Schenectady, N. Y.—Possibly the designation by the authors of these 
ternary compounds, a(Fe-Si) and 8(Fe-Si), will not confuse anyone who is actively 
engaged in this particular series, aluminum-iron-silicon, but it is extremely confusing 
to me. When I look on a ternary diagram and see a(Fe-Si), that indicates a com- 
pound of iron and silicon and particularly the alpha modification of that compound. 
The B(Fe-Si) would mean the beta modification of that same compound. It occurs 
to me that the designation the authors use here is unfortunate in that respect, and I 
am wondering if they can not think up some better way to pin down Dr. Merica’s 
“X” constituent. 

A second comment is that the determination of the surface of this ternary system 
should help the authors considerably in elucidating the constitution of these alloys. 
They have not used the ordinary thermal analysis for this. Possibly they intend to 
do that in the future. At any rate, Gwyer and Phillips have made quite a thorough 
thermal analysis of these alloys and it would be very interesting to make use of 
their results and apply them here. 


A. C. Heatu, Jr.—With regard to the nomenclature which we have used in refer- 
ring to the ternary constituents, the placing of a hyphen between Fe and Si dis- 
tinguishes the symbol from the ordinary chemical formula, and hence it is not intended 
to be indicative of definite chemical compounds. Incorporation of the symbol for 
aluminum in this designation would seem to make rather an unwieldy combination; 
its absence should not be a source of confusion to those familiar with the metallography 
of aluminum. 

With regard to the oecurrence of solid solutions in the ternary system and their 
effect on the application of Dr. Guertler’s method, we appreciate fully the limitations 
pointed out by Dr. Merica but, as he has stated, they do not seem to have entered in 
particularly in this investigation. 

Dr. Hoyt has suggested that thermal analysis would have been exceedingly useful. 
It was not our intention to conduct an elaborate investigation of this system, and the 
scope to which we limited ourselves did not appear to justify a resort to this method. 


H. A. Anpurson, New York, N. Y. (written discussion).—This survey of another 
portion of the aluminum-rich alloy field will be weleomed by all metallurgists interested 
in these light alloys. The investigations of Mr. Dix and his associates are accumulat- 
ing information which serves as a guidebook for other workers in this field. The 1926 
paper of Messrs. Dix and Keith on The Etching Characteristics of Constituents in 
Commercial Aluminum Alloys together with the contributions of Mr. Dix to the A. 
8. T. M. standard methods of metallographic testing have proved of great value to 
the writer. 

Equilibrium relations in aluminum-silicon alloys are of particular interest at the 
present time in view of the attention that is being paid to the silicon alloys because of 
their corrosion resistance and suitability for die casting. The quality of the photo- 
micrographs accompanying the discussion is in accordance with the high standards 
which have characterized other papers by the senior author and his associates. The 
evidence of photomicrographs regarding the boundaries of the various phase zones 


may be more generally studied by other investigators than the generally published 
cooling curves. : 

It is to be regretted that even these excellent photomicrographs cannot reproduce 
the degree of toning and slight color effect which form the basis for certain of the 
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authors’ conclusions. These conclusions are probably amply justified by actual 
observation of the specimens through the microscope with the additional information 
thus obtainable, as is noted in the paragraph on etching reagents. An example of 
this type is illustrated in Fig. 14b where the authors conclude that none of the three 
phases present is aluminum. This difficulty of reproduction has been cleverly mini- 
mized in the composite photographs which permit comparisons of tones with identical 
photographie manipulations. 


E. H. Drx, Jr. and A. C. Haru, Jr.—The authors desire to emphasize that the 
primary object of the work on the ternary system aluminum-iron-silicon was to obtain 
data to aid in the identification of the constituents formed by these elements in alu- 
minum and its commercial alloys. Naturally, they adopted the method that seemed 
to give the greatest promise of achieving this result with a minimum expenditure of 
time. In this respect the Guertler method proved of the greatest aid; in another 
system it may be quite useless. To have completely worked out the detailed constitu- 
tion of this system would have required more time than conditions permitted, since 
many other problems were pressing. It is hoped to continue work on this system as 
time permits. However, it is felt that sufficient information has been gained to aid, 
in the meantime, in the interpretation of the structures encountered in practice. The 
work of Gwyer and Phillips mentioned by Dr. Hoyt has been. studied with great 
interest, but any attempt to correlate these two researches would require more space 
than is available in this discussion. 

After very careful consideration the authors are still of the opinion that the 
nomenclature proposed for designating the ternary constituents is more satisfactory 
than any other that has occurred to them, or that has been suggested in several dis- 
cussions of the subject. Each class of alloys required some distinctive designations. 
We use wand £ to designate two different solid solutions of zine in copper in the brasses 
and Upton*? has used y(C) to represent the solid solution of carbon in gamma iron. 
Surely our designation is no more difficult to accept than such terms as austenite, 
martensite, etc., used in steel metallography. The formation of ternary constituents, 
all of which contain aluminum, is quite general; thus, a ternary constituent of alu- 
minum, manganese, and silicon has been proved, which according to our nomenclature 
would now be designated as a(Mn-Si) and that of aluminum, iron, and copper as 
a(Fe-Cu), and if at a later date other ternary constituents are discovered in these 
systems, then they would be designated as 6(Mn-Si) and B(Fe-Cu), respectively. 
Our nomenclature has the advantage that it can be readily used to designate the 
various constituents which occur in the complicated commercial alloys. Thus, while 
it would be entirely feasible when describing the Al-Fe-Si system to specifically refer 
to the two ternary constituents as merely @ and £ solid solutions, yet in a complicated 
alloy where a number of such constituents due to other added elements are present this 
would result in considerable confusion which could only be prevented by many 
explanatory phrases. 


40 G. B. Upton: The Structure and Properties of the More Common Materials of 
Construction. New York, 1916. John Wiley & Sons, Inc. 


Heat Treatment of Aluminum-silicon Alloys 


By R. S. Arcuer,* L. W. Kempr* anp D. B. Hops, t CLEVELAND, OHIO 


(Detroit Meeting, September, 1927) 


Sizicon is one of the most important elements in the metallurgy of 
aluminum. It is always present in small amounts in the ordinary grades 
of “pure” aluminum, and hence in all alloys made therefrom. Within 
the last few years binary alloys containing up to 13 per cent. of silicon 
have come into extensive use for castings. Silicon is also added, beyond 
the amount present as an impurity, in alloys containing one or more other 
elements such as copper, manganese, magnesium and nickel. 

The binary aluminum-silicon alloys are not yet heat treated to any 
extent in commercial practice, although, as will be shown, their properties 
are affected to a very considerable degree by heat treatment. There are 
other aluminum alloys that develop higher strength, but the special 
characteristics of the silicon alloys may well lead to the application of 
heat-treating processes on a commercial scale. 

The role of silicon in the heat treatment of aluminum alloys is more 
important than would be indicated by consideration of the binary alloys 
alone, because many of the alloys that are heat treated in regular com- 
mercial practice contain some silicon in addition to that derived from the 
aluminum ingot as an impurity. Among these may be mentioned the 
heat-treated 195 alloy castings, and the wrought alloys 25S, Special 
17S and 518 of the Aluminum Co. of America, and the German wrought 
alloy, Lautal. 

It is the purpose of this paper to present the results of experimental 
work and the conclusions derived therefrom regarding the heat treatment 
of the binary aluminum-silicon alloys. The products heat treated 


included forgings, chill castings and both “normal” and “modified” 
sand castings. 


Review or LireRATURE 


The literature on the heat treatment of aluminum-silicon alloys is 
not very extensive. The following review gives the principal references 


of which the authors are aware, in which appreciable information may 
be found. 


* are 7 7 7 
Research Bureau, Aluminum Co. of America. 
{ Technical Department, The U. 8. Aluminum Co. 
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It has been observed that in the annealing of cold-rolled aluminum 
sheet, slightly higher strengths may be obtained after annealing at 
relatively high temperatures, such as 500° C., than after annealing at 
relatively low temperatures, such as 300° C. This has been attributed 
by Gwyer and Rosenhain, with probable correctness, to a heat treatment 
effect involving silicon.! 

The improvement of the ductility of aluminum-silicon alloy castings is 
described by Zay Jeffries and R. 8. Archer? a§ follows: ‘For example, 
a chill-cast test bar of an alloy containing about 10 per cent. silicon 
and no copper showed a tensile strength around 30,000 Ib. per sq. in. 
and an elongation of about 7.5 per cent. in 2 in. After heating at 
560° C. for 40 hr., followed by quenching, the tensile strength was about 
27,500 lb. per sq. in., but the elongation was found to have increased to 21 
per cent.” This improvement was associated with a change in the form 
of the silicon particles. 

Guillet describes the hardening of commercial aluminum by rapid 
cooling from high temperatures and attributes the effect to silicon.* 
Two materials (apparently in the form of wires) were heat-treated with the 
’ results shown in Table 1. 


TaBLe 1.—Fffect of Quenching on Properties of Commercial 
Aluminum (Guillet) 


Alloy I Alloy II 
| Silicon, 0.89 Per Cent.; | Silicon, 0.16 Per Cent.; 
| Iron, 0.91 Per Cent. Iron, 0.13 Per Cent. 
Treatment | ¥ 
a EO | R T.S. | E | R 
= | ———— ! == ——-+ --— ~~ = = 
Annealedeat 450. Calo min at...5..... - | 13,750 A731 2707 | 11,820 | 38.2) 2.80 
Anr=cooledstroms) 00g: © er iets eee eee ees 17,930 ; 39.2 | 8). 03 12,600 | 30.9 | 2.82 
Quenched in water from 500° C........., 18,650 | 33.3 3.23 13,100 | 31.8 | 2.80 


T. S. = tensile strength in lb. per sq. in. 

E = percentage elongation. 

R = electrical resistivity in microhms/cm.?/cm. 

Guillet concludes: ‘In summary, the mechanical properties and the 
resistivity of commercial aluminum are modified by the speed of cooling, 
at least if the silicon content is somewhat elevated. The strength may 
increase by 40 per cent. and the elongation may decrease by 30 per cent. 
The resistivity, if the silicon attains 0.2 per cent., may be augmented at a 
maximum by 10 per cent. 


1H, C. H. Carpenter and L. Taverner: Discussions on The Effects of Heat at 
Various Temperatures on the Rate of Softening of Cold-rolled Aluminum Sheet. 
Jnl. Inst. Metals (1917) 18. 

2U. 8. Patent 1508556, filed Jan. 4, 1921; issued Sept. 16, 1924. 

3. Guillet: Influence of the Speed of Cooling on the Properties of Commercial 


Aluminum. Comptes Rendus (June 16, 1924) 178, 2081. 
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“The properties of quenched commercial aluminum are not appre- 
ciably modified by time.” 

It has been shown by D. B. Hobbs that modified sand-cast aluminum- 
silicon alloys can be hardened by quenching shortly after solidification ; 
that is, during the initial cooling of the casting.* This effect, which is 
evidently analogous to that of heat treatment, will be described in detail 
in this paper. 

Daniels has described experiments on the heat treatment of normal 
sand-cast alloys containing up to about 5 per cent. silicon with about 0.3 
to 0.4 per cent. iron.’ The tensile test specimens were cast to size 
(14-in. dia.) in green-sand molds. His results are given in Table 2. 


TaBie 2.—Normal Sand-cast Aluminum-silicon Alloys (Daniels) 


ave a | 
Ultimate Elongation - “hae 
Total a bs B ll Ss fi 
— Siicon || yy, SES ed ep ae eile Gravity 
As sand-cast 
20632 0.14 | 11,050 | 29.2 | 20 | 2.68 
2796 0.50 | 12,240) | ae 30a 23 2.66 
2798 0.64 12970) i Ben ae 24 |. 2.67 
2797 1.20 13,830 | 12.5 28 | 2.66 
2794 2.80 16370. | 10.2 31 | 2.64 
2795 4.80 18,310 | pe 34 2.62 
As quenched and aged’ (1025—96 CW-300-8) : 

2796 12,850 25.3 | 22 2.67 
2798 13,690 19.7 24 2.67 
2997 | 16,270 17.2 29 | 2.66 
2794 18,160 13.8 30 | 2.64 
2795 19,990 17.0 32 Sones 

As annealed? (1025—96F) 
2796 | 11,630 26.0 19 2.67 
2798 | 11,210 se enone 23 2.67 
2797 | | 11190 ee Os 21 Ye ae 
2794 | 11,180 9.8 22 2.59 
2795 | 10,800 6.0 22 PP abDaG2 


a se 
moe Data from melt 2137, a remelt of melt 2063, and from melt 1660, of practically 
identical analysis, 
ONG Iiig, hee YE? 
(300° F.). 
° 96 hr. at 552° C. (1025° F.) 


C. (1025° F.), quenched in cold water, and aged 8 hr. at 149° C. 


, and cooled over period of 7 days to room temperature. 


‘U.S. Patent No. 1570893. Filed April 29, 1925; issued Jan. 26, 1926. 


*Samuel Daniels: Normal Sand-cast All 1 inl 
D. al Sand-ca oys of Aluminum Cont 
Amounts of Silicon. Jnl. Ind. & Eng. Chem. (May, 1925) 485. aoe 
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They confirm the possibility of improving elongation by prolonged heat- 
ing and quenching, and of increasing hardness and strength by quenching 
as compared with slow cooling. It may be mentioned that the marked 
decreases in elongation on slow cooling as compared with quenching, in 
melts 2794 and 2795, are not in accord with the results of the work to be 
described in this paper, which showed the higher elongations after slow 
cooling. This cooling, however, was not nearly as slow as that employed 
by Daniels. r 


CONSTITUTION OF ALLOYS 


Aluminum and silicon form a simple eutectiferous system whose 
constitution is discussed in detail in another contribution from the labora- 


N 


Termperalrure 


Qo QOFO 400 150 200 
Ferces7r Sica 4g Werght 


Fig. 1.—ALUMINUM END OF ALUMINUM-SILICON DIAGRAM (Drx anp HzEarH). 


tories of the Aluminum Co. of America.’ The diagram in Fig. 1 shows the 
constitution of alloys containing up to 2.5 per cent. silicon. Some of the 
more important data regarding the system, as given by Dix and Heath, 
may be noted: 


éE, H. Dix, Jr., and A. C. Heath: Equilibrium Relations in Aluminum-silicon and 
Aluminum-iron-silicon Alloys of High Purity. See page 164. 
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Melting point of pure aluminum............---+.-. 660° C. (1220° F.) 
Butectic composition macy cneainre iets eeu teil sree k ae tarsn 11.6 per cent. silicon 
BI beCtlo tera p CLa-UULn © mera ee inten eter ielet trea inn a va (Oy (AAI 18) 
Solubility of silicon in solid aluminum at 577° C..... 1.65 per cent. 


Solubility of silicon in aluminum at room temperature <0.05 per cent. 


The solid solubility of silicon in aluminum and its variation with tem- 
perature are, of course, of great importance in the heat treatment of the 
alloys. It is interesting to note that one of the first serious investigators 
of this matter reported that the solubility of silicon in solid aluminum 
was substantially independent of temperature.’ This would preclude 
some of the heat-treatment effects that have been found to occur. 


MopiFicaTIon oF ALLOYS 


When aluminum-silicon alloys substantially free from certain special 
impurities are allowed to solidify slowly, as in sand molds, the silicon of the 
eutectic occurs in the form of rather large plates or rods. Alloys in this 
condition are said to be “‘normal.”’ If such an alloy is caused to solidify 
with great rapidity, as by casting in a mold of high chilling power, it is 
found that the silicon occurs in very much smaller particles, which are 
more rounded in shape. This is apparently an undercooling effect. 

The most striking results are obtained with alloys containing between 
11.6 and about 14 per cent. silicon. These alloys are normally hyper- 
eutectic and on solidification contain primary silicon plus aluminum- 
silicon eutectic. After very rapid solidification it is found that the 
primary silicon has disappeared and that primary aluminum is present 
instead. At the same time the eutectic contains more than the normal 
amount of silicon and is greatly refined in structure. These changes seem 
to be due to the fact that the undercooling with respect to silicon is much 
more marked than that with respect to aluminum. 

Similar effects can be obtained in sand castings by the addition to 
the molten metal of suitable amounts of certain agents which appear to 
obstruct the crystallization of the silicon much more effectively than that 
of the aluminum. The obstructing agent commonly employed is metallic 
sodium or some compound capable of producing sodium by reaction with 
molten aluminum. The amount of sodium necessary to produce the 
maximum refining effect in sand castings of ordinary size is only a few 
hundredths per cent. Aluminum-silicon alloys treated in such a way 
that the changed structure just described is obtained are said to be 
“modified,” to distinguish them from the ‘normal’ alloys mentioned 
above. 

The transition from the normal to the modified condition is gradual 
rather than abrupt. Other conditions being the same, the addition of 


AD), Hanson and M. L. V. Gayler: The Constitution and Age-hardening of the 
Alloys of Aluminum with Magnesium and Silicon. Jnl. Inst. Met. (1921) 26, 324. 
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increasing amounts of sodium to a normal alloy produces increasing 
refinement of structure and increasing strength and ductility up to a 
certain point, beyond which further additions of sodium produce less 
refinement and lower properties. The condition favorable to maximum 
strength is nearly but not exactly the same as that favorable to maximum 
elongation, and perhaps neither of these conditions is exactly that of 
maximum refinement of structure. In this work, the term ‘modified ” 
refers to material in which the modification effeet is approximately at its 
maximum, as judged by the attainment of substantially maximum elonga- 
tion. Material in which the effect is less will be referred to as ‘partially 
modified,” or as “‘undermodified” or ‘overmodified,”’ as the sodium 
content is less or greater than that for maximum elongation. 

Methods for the refining or modifying of aluminum-silicon alloys 
have been discussed elsewhere in detail, as has also the theory underlying 
the process.*® 


CoMMERCIAL USE 


The aluminum-silicon alloys are now widely used for castings. In 
this country, the alloy most commonly used for sand castings is that 
containing 5 per cent. silicon, usually in the normal condition. Smaller 
quantities of the 10 per cent. silicon alloy are used, also usually in the 
normal condition. The 13 per cent. silicon alloy, in the modified condi- 
tion, is used to some extent in this country for sand castings and to a 
much greater extent in Germany. A 13 per cent. silicon alloy is also 
used in large quantities for die castings. 

The aluminum-silicon alloys have been rolled into sheet and made 
into other wrought products. As yet, there is practically no commercial 
use of these alloys in the wrought condition, but there may well be such 
use in the future. 


Meruops Usep IN PRESENT INVESTIGATION 


Table 3 shows the compositions by analysis of the alloys used in these 
investigations. The alloys containing 0.10 per cent. iron or less were 
made by adding metallic silicon to electrolytically refined aluminum at 
about 850° C. In all other cases, Hall-process aluminum was used and 
the silicon was introduced by means of an intermediate alloy. 


Melting 


All melting was done in plumbago crucibles in a Stewart oil-fired 
furnace. Usually 20-lb. heats were used, but some 10-lb. melts were 
made. The maximum melting temperatures were, approximately : 
705° CG. (1300° F.) for normal sand castings; 788° C. (1450° F.) for chill 


8 R. 8. Archer and L. W. Kempf: Modification and Properties of Sand-cast Alumi- 
num-silicon Alloys. Trans. (1926) 78, 581. 
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castings and for sand castings modified with metallic sodium; 955° C. 
(1750° F.) for sand castings modified with a salt flux. 


TABLE 3.—Compositions (by Analysis) of Aluminum Ingot and Alloys 
ee |. EEE 


Reka | Per Cent. Peer | sy ing meine Por Gout. 
3444 0.02 0.07 | | 14.02 
3446, 0.07 0.10 | | 13.31 
3448 0.18 0.51 | 12.86 
3449 | 0.18 0.51 | | 12.86 
3454 0.18 0.51 | | 12.86 
3455 0.07 0.10 | 13.31 
4127 trace 0.56 trace | 0.33 
4128 0.03 0.32 | 13.65 
4305 0.03 0.08 | nil | 2.79 
4431 0.02 0.07 | nil | 1.51 
4911 0.07 0.24 | nil 4.99 
4948 0.23 0.32 | | 13.60 
4958 0.51 0.90 4.66 
- 4967 0.23 0.32 12.60 
4974 0.05 0.30 12.72 
4974 | 0.03 0.46 5.01 
4982 | 0.03 0.40 8.06 
4983 0.03 0.34 11.06 
Modification 


Both the salt-flux and the metallic-sodium methods of modification 
were used. These have been described in the literature,’ and only a brief 
outline of the procedure will be given here. 

The salt flux consists of two parts of sodium fluoride and one part of 
sodium chloride. A suitable amount of this flux (in these experiments, 2 
per cent. of the weight of the charge to be treated) was spread over the 
surface of the molten alloy at about 940° C. (1724° F.) while the crucible 
was in the melting furnace. As soon as the flux had melted, the crucible 
was removed to the foundry floor and the flux was stirred into the metal 
with a carbon stirring rod. The charge then remained untouched until 
the pouring temperature was nearly reached, when the salt covering and 
dross were skimmed off. The pouring temperature in this case was 649° 
C. (1200° F.). Pouring took place approximately 18 min. after the 
addition of the flux. 

The treatment with metallic sodium consisted in pouring the molten 
alloy at about 760° C. (1400° F.) on the requisite amount of metallic 
sodium placed in the bottom of a crucible preheated to a dull red heat. 
The melt was then returned to the hot furnace, with no flame on, and 


*R. 5. Archer and L, W. Kempf: Op. cit. 


R. 8S. ARCHER, L. W. KEMPF AND D. B. HOBBS 205 


allowed to stand for 15 to 20 min. before the castings were poured 
When this method of modification was used, pouring took place beirecn 
662° and 689° C. (1225-1275°F.). The proper amount of sodium 
and the most favorable holding time were determined in previous experi- 
ments.'® When overmodified or undermodified test bars were desired 
they were poured before or after the period of time for proper modification 
had elapsed. 
Test Specimens * 


The method of molding the sand-cast test bars is illustrated in Fig. 2. 
These bars have a test section !¢ in. in diameter with a gage length of 2 
in. Chilled test bars of approximately the same dimensions were cast 
to size in a permanent mold made of cast iron. All cast bars were tested 
without machining. 


Fig. 2.—MrEtTHOD OF CASTING TEST BARS IN SAND. 


Two of the alloys (samples 4305 and 4431) were cast into ingots 
approximately 3 in. square by 10 in. long, which were heated 18 hr. at 
570° C., cooled slowly to 425° C., air-cooled to room temperature, reheated 
and forged to bar about 34 in. square. Standard test bars 0.505-in. dia. 
with 2-in. gage length were machined from these forgings. 


Testing 


All tensile tests were carried out on a 10,000-Ib. Olsen testing machine 
with self-aligning grips. Yield point was taken as the stress required to 
produce a total extension of 0.5 per cent. under load, using a Reihle 
extensometer reading to 0.0001 in. Brinell hardness measurements were 
made with an Alpha machine using a 10-mm. ball and a load of either 500 
or 1000 kg., as indicated in the tables, applied for 30 seconds. 


Heat-treating Methods 


Most of the heat treatments were carried out in a Leeds & Northrup 
Homo furnace with special transformer equipment providing a wide 


10 R. §, Archer and L. W. Kempf: Op. cit. 
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range of voltage changing by small steps, so that the energy input of the 
furnace could be very closely adjusted. As a result, the fluctuations in 
temperature in light loads properly placed in the furnace were within one 
degree Centigrade. The actual temperature measurements were made 
with base-metal thermocouples and a Leeds & Northrup potentiometer 
recorder having special ranges of temperature. This equipment was 
frequently checked at the freezing point of pure aluminum (660° C.) and 
of the pure aluminum-copper eutectic (548° C.) and at the boiling point 
of water. The temperatures given are believed to be accurate to within 
five degrees Centigrade at the higher temperatures and three degrees 
Centigrade at the lower temperatures. The precipitation heat treat- 
ments of very short duration at 250°, 300° and 400° C. were carried out in 
asmail niter pot heated in an electric furnace with automatic temperature 
control. The temperature measurements in these experiments are prob- 
ably accurate to within five degrees Centigrade. The high-temperature 
or solution heat treatments were followed by either quenching or furnace 
cooling. The low-temperature or precipitation heat treatments were 
always followed by quenching. Quenching was done in water at 
room temperature. 


Heat Treatment of Forgings 


Table 4 shows the effect of certain heat treatments on the properties of 
two aluminum-silicon alloys in the forged condition. These alloys were 
made from electrolytically refined aluminum (99.95 per cent.). In one 
case the silicon content is slightly below the maximum solubility at the 
eutectic temperature, while in the other alloy the silicon content is 


TaBLE 4.—Properties of Forged and Heat-treated Aluminum-silicon Alloys 


Yield Tensile 


Point Strength | p aac Brinell 
Sample < Elongation Hardness x 
Number? in2 In. | 500 Kg.— Treatment 


Per Cent. | 
Lb. per Sq. In. 10 Mm. 


4431 | 4,916 | 13,033 | 36.3 23.3 | 120 hr. @ 570° C. and furnace 

4305 4,076 12,150 | 37.0 23.0 | cooled to 170° C. in 40 hr. 

4431 | 5,683 | 17,816 42 32.4 | 120 hr. @ 570° C., quenched and 

4305 | 6,940 | 18,933 _ 36.3 | aged about 1 month at room 

| | | temperature 

4431 | 7,145 | 18,390 | 34.8 | 34.2 |120 hr. @ 570° C., quenched and 
4305 | 8,020 | 19,925 | 31.0 | 38.0 | aged 100 hr. @ 150°C, 

Se EEE 
“Sample 4431: silicon 1.51 per cent.; iron 0.07 per cent.; copper 0.02 per cent. 

Sample 4305; silicon 2.79 per cent.; iron 0.08 per cent.; copper 0.03 per cent. 


~ 
wo on 


definitely above this limit. In order to obtain the maximum solution 
effect, these alloys were heated 120 hr. at 570° C., which is just seven 
degrees Centigrade below the eutectic temperature. Microscopic exami- 
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nation of the material containing 1.51 per cent. silicon did not show any 
undissolved silicon. From this and previous experience it is considered 
that the time of heat treatment was ample to insure the attainment of 
maximum solution of silicon. 


a 
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Fig. 3.—Sampie 4305; 2.79 PER CENT. SILICON. FORGING INGOT AFTER HEAT- 
ING 18 HR. AT 570° C., COOLING SLOWLY TO 425° C. AND AIR-COOLING TO ROOM TEM- 
PERATURE. UN3ETCHED. X 100. 

Fic. 4.—Sampie 4431; 1.51 PER CENT. SILICON; ASFoRGED. UNNTCHED. 100. 

Fic. 5.—SAMPLE 4305; 2.79 PER CENT. SILICON. FoRGED, HEATED 120 HR. AT 570 
C. AND QUENCHED IN WATER. UNETCHED. X 100. 

(Reduced to 24 original size.) 


The results here given show a marked hardening effect due to quench- 
ing from 570° C. as compared with slow cooling. 

Brinell hardness tests were made on specimens of these alloys in the 
quenched condition immediately after quenching and after aging one year 


208 HEAT TREATMENT OF ALUMINUM-SILICON ALLOYS 


hey me 
pen 
4 i) 


ce 
. 
‘ 
1 
: 


Fig. 6.—SamMpie 4967; 12.6 PER CENT. SILICON; AS CAST IN PERMANENT 


MOLD. 
FIELD AROUT HALFWAY FROM EDGE TO CENTER OF 0.5-IN. DIA. SECTION. UNETCHED. 


x 100. 


Fic. 7.—Sameie 4967; 12.6 pmrR CENT. SILICON; AS CAST IN PERMANENT MOLD. 
FIELD ABOUT HALFWAY FROM EDGE TO CENTER OF 0.5-IN, DIA, SECTION. UNETCHED. 
x 500. 


Fig. 8.—SAMPLE SHOWN IN Fic. 6 HEATED 1.5 HR. av 565° C. 
UNETCHED. X 100. 


Fic. 9.—SAMPLE SHOWN IN Fic. 6 HEATED 1.5 HR. aT 565° C. AND QUENCHED, 
UnertcHep. X 500, 


Fig. 10.—SAMPLE SHOWN IN Fic. 6 HEATED 40 HR. at 565° C. 
UNETCHED. X 100. 


Fie. 11.—SamMpLe sHowN IN Fic. 6 HEATED 40 HR. AT 565° C. 
UNETCHED. > 500. 


AND QUENCHED. 


AND QUENCHED. 


AND QUENCHED. 


(Reduced to 24 original size.) 
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at room temperature. Immediately after quenching, the hardness 
values obtained were 34.2 and 37.4 on samples 4431 and 4305 respectively. 
Corresponding values after one year were 34.45 and 37.6, showing sub- 
stantially no change in hardness during the year. The aging treatment of 
100 hr. at 150° C. was selected in light of some of the experiments carried 
out with particular reference to aging. These experiments will be 
described later. It will be noted from Table 4 that this aging treatment 
has produced slight increases in Brinell hardness and tensile strength 
and perhaps somewhat greater increases in yield point. 

The effects of these heat treatments on elongation are not very con- 
clusive, probably because of the rather large and variable grain size of 
the specimens. 

The hardening effect of quenching from 570° C. clearly seems to be 
due to the retention in solid solution of a quantity of silicon greater than 
is retained during slow cooling. 

The sample of higher silicon content (sample 4305) was apparently 
more completely softened by the annealing treatment than the other 
alloy. It seems plausible that the excess silicon assisted in the precipi- 
tation and agglomeration of the silicon from solid solution. 

Fig. 3 shows the structure of one of the cast ingots after a preheating 
treatment prior to forging. Fig. 4 shows the structure of one of the 
alloys as forged. Fig. 5 shows the structure of the alloy containing 2.79 
per cent. silicon after the solution heat treatment. In these and subse- 
quent photomicrographs, the white constituent is aluminum or the 
aluminum-rich solid solution, while the dark constituent is silicon. The 
iron constituent appears in half-tone when present. 


CHILL CASTINGS 


Permanent-mold test bars were made of an alloy containing 12.6 
per cent. silicon without the addition of any sodium. The effect of 
heating for a short and a long period of time at 565° C. and quenching 1s 
shown in Table 5. It will be noted that the elongation was markedly 
increased on quenching from this temperature. The tensile strength 


Tape 5.—Lffect of Heat Treatment on Physical Properties of a Chill Cast 
Aluminum-silicon Alloy 
Sample 4967: Copper, 0.23 Per Cent.; Iron, 0.32 Per Cent.; Silicon, 12.60 Per Cent. 


| | i} 
Yield \vensile | Brinell 
| Point | Strength | Blongation eine 


__| in 2In., | “500 Keg. 


Condition | De Oene 500 Ke. 


Lb. per Sq. In. 


14,773 | 31,339 5.8 61.6 
NGG ooo oocls 6 ob ote pe eee aon a oes , ; 
17.6 57.3 
"@. 5659 ©» quenched... .---> 3. === 13,860 | 31,093 
Fears i 12,865 | 28,390 16.2 53.0 


45 hr. @ 565° C., quenched.......--------: | 
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remains approximately the same as in the as-cast condition after a short 
heat treatment, and decreases after a long heat treatment. Microscopic 
examination (see Figs. 6 to 11) shows that there is progressive spheroid- 
izing and particle growth of the silicon as the time of heat treatment is 
prolonged. This change in the form of the silicon particles is evidently 
the cause of the decreased hardness and increased plasticity. 
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Fie. 12.—Sampue 4911; ALLOY AS CAS SAN Y 
=e aes. i tdi, S CAST IN SAND. NorMAL 4.99 PER CENT. SILI- 
con. UNrtTcHED. X 100. C . SILI 


Fig. 13.—SAMPLE SHOWN IN Fia. 12 DATE 5 
. 13.—Sar if +, 12, HEATED 0.5 HR. aT 565° C. AND QU - 
ED. UNnetTcHED. X 100. Ne ae ee 


Fig. 14.—SaMPLE SHOWN IN F ia. 12 Y 
iy, : Ae IG. 12 HEATED 20 HR. aT 565° C A - 
ED. UNnetcHeD. X 100. pcan 


Fic. 15.—SAMPLE SHOWN IN F iG. 12 HEATED 


75 HR. A ise J 
ED. UNeEtTcHED. X 100. satiate EEC 


(Reduced to 24 original size.) 


NorMAL SAND CASTINGS 


Most of the sand castings made of the unmodified aluminum-silicon 
alloys in this country contain about 5 per cent. silicon. The effect of 
heat treatment was investigated on two alloys of this type, one of fairl 
high purity, and the other containing larger amounts of iron and co pe 
such as might be encountered in commercial practice. ve 

Table 6 shows the effect of various heat treatments on the alloy of 
greater purity. It will be noted first that there is substantially no 


change in properties after aging 30 days at room temperature. Heating 
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for'30 min. at 565° C. and quenching produces a very appreciable increase 
in strength and hardness and a marked increase in elongation. As the 
time of heating at 565° C. is prolonged, the strength and hardness fall 
slightly, while the elongation increases. This is considered to be due to 
the change in the form of the silicon particles, which is illustrated in Figs. 
12 to 15. Some of the bars heated 75 hr. were cooled in the furnace. 
The yield point, strength and hardness are much lower than in the bars 
that were quenched, while the elongation is, distinctly higher. The 
increase in tensile strength produced by quenching as compared with 
slow cooling is 56 per cent. and the increase in Brinell hardness 53 per cent. 


TABLE 6.—Effect of Heat Treatment on the Physical Properties of a Normal 
Sand-cast Aluminum-silicon Alloy 


Sample 4911: Copper, 0.07 Per Cent.; Iron, 0.24 Per Cent.; Manganese, Nil; Silicon, 
4.99 Per Cent. 


| ped Tae - Brinell 
Condition | ae gi Pes Hlopeauon peerdneee 
Per Cent. 10 Nie 
Lb. per Sq. In. 
INEU CBB m S63. 3 ue oe ne ee ee | 19,730 9.5 
As cast, 30 days at room temperature......./ 7,857 | 19,480) 9.5 Ba, tl 
Heated 30 min. @ 565° C., quenched....... | | 23,190 | 16.3 42.4 
Heated 20 hr. @ 565° C., quenched.........] | 22,025 PP. 5 40.2 
Heated 75 hr. @ 565° C., quenched.........| 7,872 21,562 | DNS. 94 37.9 
Heated 75 hr. @ 565° C., slowly cooled..... | 4,310 13,780 32.5 24.8 
Heated 75 hr. @ 565° C., quenched, aged 28, 
GavcratexOOMM hemp eatUNG. 2 ele ge sel == | 8,040 21,633 25.3 Shel Lt 
Aged 75 hr. @ 565° C., quenched, aged 100 hr.) | 
(BUS Ome C eee onsen setae ee we 9,700 | 21,550 20.2 40.4 


Aging for 100 hr. at 150° C. produces distinct increases in yield point 
and hardness and a decrease in elongation, with substantially no change 
in tensile strength. The total increase in hardness from the slowly cooled 
to the artificially aged product is 63 per cent. Aging for 28 days at room 
temperature after the solution heat treatment has no appreciable effect. 

Table 7 shows the effect of some heat treatments on a 5 per cent. 
silicon alloy of a lower degree of purity. It will be noted that the elonga- 
tion is lower and the strength higher as cast. A 30-min. heat treatment 
at 565° C., which increased the elongation of the alloy of greater purity 
by 72 per cent., has scarcely affected the elongation of the less pure alloy. 
This is very likely due to the higher copper content of the latter. Heating 
for 40 hr., however, has produced a very marked increase in elongation, 
together with a slight but distinct increase in strength. 


212 HEAT TREATMENT OF ALUMINUM-SILICON ALLOYS 


Modified Sand Castings 


Sample 4128 is an alloy containing 13.65 per cent. silicon modified with 
metallic sodium. All of the test bars were poured at a time after the 
addition of sodium caleulated to give approximately the highest obtain- 
able elongation. The properties of this material as cast and after various 
heat treatments are given in Table 8. 

It will be noted, first, that there is substantially no change in the 
properties of the cast bars on aging at room temperature up to 30 days. 
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’ Fig. 16.—Sampin 4128; MopiFIED 13.6 PER CENT. SILICON ALLOY, AS CAST IN 
GREEN SAND. UNrTCHED. X 100. 
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Fig. 17.—Same as Fia. 16. X 500. 

Fia. 18.—Same as Fia. 16. & 1000. 

val i mp 4 1 . 
Fia. 19.—MaterraL SHOWN IN Fic. 16 HEATED 0.5 HR. AT 565° C. AND QUENCH- 
ED. UNETCHED. X 100. 


(Reduced to 2 original size.) 


Heating for 30 min. at 565° C. and quenching has produced an increase in 
tensile strength of approximately 18.5 per cent. There is a slight increase 
in Brinell hardness and yield point. It is doubtful whether there is any 
definite change in elongation but such change as there is appears to be 
an increase. Prolongation of the time at 565° C. brings about definite 
decreases in yield point, strength and hardness, the final values on 


quenching after 75 hr. being lower than in the material as cast; the elonga- 
tion appears to be slightly higher. 


——¥ 


——rre 
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TABLE 7.—Effect of Heat Treatment on the Physical Properties of a Normal 
Sand-cast Aluminum-silicon Alloy 
Sample 4958: Copper, 0.51 Per Cent.; Iron, 0.90 Per Cent.; Silicon, 4.66 Per Cent. 


seid Tensile Bawa 
0 Ss . rine 
Condition | pat See eee Hanclpess 
3 Per Cent. 10 vac 
Lb. per Sq. In. a 
——___—_— Z 
As cast...... 6 oe gn Penn oR cam nea 9,080 | 19,414 4.25 | 45.6 
Heated 30 min. @ 565° C., quenched....... 9,658 | 20,980 4.5 Syl tS 
Heated 40 hr. @ 565° C., quenched......... 11,425 | 22,800 ial 3 46.4 


TaBLeE 8.—Effect of Heat Treatment on the Physical Properties of a Modified 
Sand-cast Aluminum-silicon Alloy? 


Sample 4128: Copper, 0.03 Per Cent.; Iron, 0.32 Per Cent.; Manganese, 0.02 Per 
Cent., Silicon, 13.65 Per Cent. 


Yield Tensile : 
| Point Strength | Elongation Brinell 
Condition ‘int 9) ye Hardness 
| | Per Cent. p00 Re: 
| Lb. per Sq. In. ; 
ane ea 212 Ss = aie. 
INGOTS, Gite tate ceoveinlile oe) One aneeco oel 28,450 iil t3 58.0 
As cast, 20 hr. after casting....:..........- | | 28,666 | 12.0 58.2 
As cast, 30 days @ room temperature...... | 13,027 | 28,510 17S 57.9 
Simin Gabo ae =rquenched ees. aie 14,520 | 33,790 13 7 60.5 
20 hr. @ 565° C., quenched................| 29,420 13.0 56.8 
75 hr. @565° C., quenched, testedimmediately, 12,580 | 27,500 | Baer 53.1 
75 hr. @ 565° C., quenched, 100 hr, at 150°C.) 13,570 | 25,600 13.0 Sil 
75 hr. @ 565° C., quenched, 28 days at room) 
(GMOCHAANING... g-n ecb ooubeeeoo eco Goo oer | 11,455 | 27,683 13.5 53.4 
>) hus @) 5652 ©. slowly cooled 32 .4...-..- | 5,520 17,200 20.2 35.5 


4 Values given are averages of three or more tests. 


Aging for 28 days at room temperature seems to have practically no 
effect on the properties of the bars quenched after 75 hrats56o° Ce 
Aging for 100hr. at 150° C. appears to have brought about slight decreases 
in tensile strength and hardness. This may represent an overaged 
condition. Slow cooling again results in markedly lower values for 
yield point, strength and hardness, and higher elongation. 


Effect of Degree of Modification and of Silicon Content 


The experiment just described was carried out with material intended 
to be modified to produce maximum elongation. In order to bring out 
the effects of heat treatment on undermodified and overmodified alloys 
and also the effect of silicon content, experiments were run on four alloys 
containing approximately 5, 8, 11 and 12.75 per cent. silicon refined to 
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various degrees ranging from normal to fully modified and cast in sand. 
The procedure consisted in pouring first one or two molds of normal alloy, 
then adding a suitable amount of sodium previously determined,"° and 
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Fig. 20.—Same as Fia. 19. XX 500. 


Fig. 21.—MatTEeriIAL SHOWN IN F 5 5 
5 Dil. ! IG. 16 HEATED 20 HR. AT 565° C. AND QUENCH- 
ED. UNETCHED. X 100. asa 
Fig. 22.—Same As Fie. 21. X 500. 
Fig. 23.—MATERIAL SHOWN . 5 7 
» Bers 3 ‘ IN Fic. 16 HEATED 75 HR. AT 565° C. AND QUENC 
ED. UnercHep. X100. - ears 


(Reduced to 24 original size.) 


Fic. 24.—Same as Fic. 23. > 500. 
(Reduced to 24 original size.) 
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Fic. 27.—EFrrect OF HEAT TREATMENT (40 HR. AT 565° C.-QUENCH) AND DEGREE 
OF MODIFICATION, AS INDICATED BY TIME AFTER TREATMENT WITH SODIUM, ON SAND- 
CAST ALLOY. SAMPLE 4983; sILIcoN, 11.06 PER CENT. 
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1 YQ na nal 7 
Pia. 28.—EFrecr or HEAT TREATMENT (40 HR. Av 565° C.-QUENCH) AND DEGREE 


OF MODIFICATION, AS INDICATED BY TIME AFTER TREATMENT WITH SODIUM, ON SAND- 
CAST ALLOY. SAMPLE 4974; SILICON, 12.72 PER CENT 
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pouring test-bar molds at various intervals up to and beyond the period 
considered favorable for the attainment of maximum elongation. One 
bar of each mold was tested as cast, while the duplicate bars were heated 
40 hr. at 565° C. and quenched. The results are given in the curves of 
Figs. 25 to 28. It is to be noted that each point plotted represents only 
one test bar. 

In Fig. 25, referring to the 5 per cent. silicon alloy, it is seen that the 
maximum effects of this heat treatment on both strength and elongation 
occur in the normal material. Both strength and elongation are 
markedly increased. The minimum effects of heat treatment seem to 
occur in material slightly undermodified.” The changes in yield point 
are so slight and indefinite that no curves have been drawn. 

In Fig. 26, referring to the 8 per cent. silicon alloy, the maximum » 
effects on tensile strength and elongation are again found in the normal 
material, the values for both of these properties being increased. It is 
interesting to note that after the addition of sodium the effect of this 
heat treatment on the tensile strength is reversed, the strength of the 
heat-treated bars being lower than that of the corresponding bars as 
cast. The elongation is in all cases higher. 

A similar reversal in the effect of heat treatment on tensile strength 
is seen in Fig. 27, referring to the 11 per cent. silicon alloy. The strength 
of the normal bars is increased, while that of the modified bars is 
decreased. Elongations are in all cases markedly increased. 

In Fig. 28, showing the results on the 12.7 per cent. silicon alloy, the 
strength effect is again reversed, but this time only at certain degrees of 
modification. The strengths of the normal and of the overmodified 
and undermodified bars are increased, while those of the well modified 
bars are decreased. Elongations are in all cases increased, but the 
effect varies with the degree of modification. The yield points of the 
bars in the as-cast condition were not determined. 


SuMMARY ON NorRMAL AND Mopirrep ALLOYS 


The curves plotted in Fig. 29 summarize the results of prolonged 
heat treatment (40 hr.) at 565° C. followed by quenching on normal and 
modified alloys of various silicon contents cast in sand. The following 
generalizations can be made regarding the effects of this particular heat 
treatment: (1) The tensile strengths of the normal alloys are increased. 
(2) The tensile strengths of the modified alloys are decreased, especially 
at intermediate silicon contents. At 5 and at 13.65 per cent. silicon 
there is little change in the tensile strength. (3) Elongation is increased 
by heat treatment in both the normal and modified alloys until the 
compositions of the normal and modified eutectics are approached. 
Little, if any, increase in elongation occurs in the modified bars containing 
13.65 per cent. silicon. The curve for the normal bars indicates that 
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there would be little improvement in elongation with silicon contents 
above that of the normal eutectic. 


HARDENING BY QueNcHING DuriNnG INITIAL COOLING OF CASTINGS 


It was discovered by one of the authors! that a marked heat treat- 
ment effect can be produced by quenching modified sand-cast aluminum- 
silicon alloys shortly after solidification; that is, during the initial cooling 
of the casting. Some of the experimental work is described below. 

In each of the experiments eight test-bar molds were poured. Approx- 
imately 40 to 50 sec. were required to pour these molds. During this 
time some sodium might have burned out, and the temperature of the 
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Fic. 29.—Errecr or HEATING 40 HR. AT 565° C. AND QUENCHING ON NORMAL AND 
MODIFIED SAND CASTINGS CONTAINING 5 TO 13.6 PER CENT. SILICON. 

metal might have dropped slightly. This gradual change in sodium 
content or pouring temperature might produce changes in physical prop- 
erties which would be confused with the effects of the principal factor 
under consideration; that is, the time between pouring and quenching. 
To prevent any confusion from this source, the molds were quenched in 
water in the following order: 1, 8, 2, 7, 3, 6, 4 and 5. 

In one of the experiments on a modified alloy, a No. 18 gage chromel- 
alumel thermocouple was cast in the center of the test section of a test 


bar in one mold, to obtain a cooling curve from which the quenching 
temperatures could be approximated. 


11 Douglas B. Hobbs: U. S. Patent No. 1570893. Filed April 29, 1925. 


Jan, 26, 1926. Issued 


/ 
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In Fig. 30 the rate of cooling of this test bar is shown in the lower 
curve, while the upper curves show the tensile properties obtained in 
two of the experiments. Sample 3448 contains 12.86 per cent. silicon, 
0.51 per cent. iron, and 0.18 per cent. copper. Sample 3444 is an alloy 
of high purity containing 14.02 per cent. silicon, 0.07 per cent. iron, and 
0.02 per cent. copper. Both of these alloys were modified with salt 
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Fig. 30.—EFFECT OF QUENCHING AT VARIOUS PERIODS AFTER POURING ON eee 
FIED SAND-CAST ALLOYS. SAMPLE No. 3448; SILICON, 12.86 PER Ne ae 
PER CENT.: COPPER, 0.18 PER CENT. SAMPLE No. 3444; stzicon, 14.02 PER CENT.; 

Be aU: 


IRON, 0.07 PER CENT.; COPPER, 0.02 PER CENT. 


flux. The test-bar castings were taken from the sand and quenched in 
water at various intervals after pouring, as shown in the diagram. ; It 
is seen that the strength and hardness decrease continuously as the es 
between pouring and eee tS Cea 10 min. after 
i ime the elongation ASES. 
ese rmodified 13 ae cent. silicon alloy tec 
(Table 9}, the intervals before quenching were concentrated within the 
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Taste 9.—Effect of Quenching during Initial Cooling of Modified Sand 
Castings 

Sample 3446: Silicon, 13.31 Per Cent.; Iron, 0.10 Per Cent.; Copper, 0.07 Per Cent- 

hai ahah aati erties OM illo, TS Ae EE a II REE Sek Sat 


Time between oe Elen Elongation | els ware 
Mold No. eee eee enn ol Sense NS See Foss eee, 1000 Kg. 
Min. Lhe vee Bact | ce 10 Mm. Ball 

ri 1.50 15,085 34,150 co 4 67 
1 I 733 16,495 | 33,125 8.0 | 66 
6 2.10 16,240 33,060 | 12.5 | 64 
2 2.30 15,465 32,625 | 11.8 | 64 
3 2.65 i 15215 eos, O7 Oa 13.3 64 
5 Dae: 14,960 |. 32,125 | 14.3 | 65 
4 Cooled slowly to 

room temperature | 11,825 242809 i608 49 
8 Cooled slowly to 

room temperature 19,6787) 26,180; | “18.07 4 50 


«Only one bar was tested. The physical properties in all other cases are the 
average of two bars. 


TaBLe 10.—Effect of Quenching during Initial Cooling of Modified Sand 


Castings 
Sample 3449: Silicon, 12.86 Per Cent.; Iron, 0.51 Per Cent.; Copper, 0.18 Per Cent. 
: Yield | Tensile | | 5 
rahe | Zan ee eet | Point | Strength | che, ee | Handaess 
rire pa | Per Cent. | 19'Mm, Ball 
Lb. per Sq. In. see 
8 1.23 18,188 36,775 6.5 72 
1 1.55 | red akt 33,885 5.0 68 
a 2.00 | 16,138 33,450 5.5 66 
2 2.20 16,100 33,640 5.0 69 
6 2.62 16,640 33,950 6.5 65 
3 Date 16,125 31,915 5.0 62 
4 3.38 | 15,700 SO) | 5.5 64 
5 Cooled slowly to | 
room temperature | 13,150 28, LOO | 7.5 54 


The above results are an average of two bars. 


first 3 min. after pouring. One casting was allowed to remain in the mold 
until room temperature had been reached. 

Table 10 shows the results on a modified 13 per cent. silicon alloy of 
commercial grade in an experiment in which the intervals between 
pouring and quenching were concentrated within 4 min. One mold 
was again cooled slowly to room temperature. The strength changes 
are similar to those previously shown. The changes in elongation are 
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TABLE I1.—K fect of Quenching during Initial Cooling of Normal Sand 


Castings 
Sample 3455: Silicon, 13.31 Per Cent.; Iron, 0.10 Per Cent.; Copper, 0.07 Per Cent. 
SSS SS a a ee ee 
ain betw: sti si i i 
Mold No. | “Tand‘Quonakiass™® | glen, |  Blongation | Brinell Hardneso 
Min. Lb. per Sq. In. Per Cent. 10 Mm. Ball 
8 1.82 21,035 Do 59 
1 2.08 | 21,060 r 2.3 59 
2, 4.03 19,940 2.3 53 
7 5.42 19,830 re 50 
3 8.02 19,665 3.0 48 
6 | 9.95 19,370 25 46 
4 12.00 18,440 3.0 45 
5 Cooled slowly to 
room temperature | 19,530 | 5) | 47 
| 


The above results are the average of two bars. 


TaBLE 12.—Effect of Quenching during Initial Cooling of Normal Sand 
Castings 
Sample 3454: Silicon, 12.86 Per Cent.; Iron, 0.51 Per Cent.; Copper, 0.18 Per Cent. 


es re bd testes 
Min. | Lb. per Sq. In. | Per Cent. | 10 Mm. Ball 
1 2230 20,875 | 125 65 
8 3.93 | 18,980 1.5 50 
2 6.30 | 19,875 | 1.5 57 
7 ap: 19,795 | 1.5 55 
3 9.97 19,975 | U1 8 61 
6 11.98 18,800 i) 53 50 
4 13.97 17,800 ie 54 
5 Cooled slowly to 
room temperature 18,075 1.5 53 


The above results are the average of two bars. 


not as striking as in the results given in Table 9, but are in the 
same direction. 

The effects of quenching during the initial cooling on normal sand 
castings, containing approximately 13 per cent. silicon, are shown in 
Tables 11 and 12. The results are, in general, of the same nature as in 
the modified alloys, but the changes are less marked. 

Microscopic examination of one of the modified bars quenched 1.5 
min. after pouring showed that it had not solidified completely. The 
lower right-hand portion of the field in Fig. 31 represents material molten 
at the time of quenching, while the upper left-hand portion shows the 
structure of the outer part of the test bar which had already solidified. 
The very rapid chilling of the core has produced a higher degree of dis- 
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persion of the silicon than has been observed in any ordinary modified 
sand casting. This specimen was taken near the shoulder of the test 
bar. Another specimen taken about halfway between the shoulders 
of the same bar showed still higher dispersion of the silicon. It was noted, 
in the case of unmodified test bars, that if quenching was carried out within 
about 2.3 min. after pouring, the risers were quite soft and broke in 
handling, whereas in the case of modified bars it was possible to quench 
1.5 min. after pouring without breaking. 

In view of the fact that modified sand castings can be materially 
hardened by a short heat treatment at 565° C., followed by rapid cooling, 
it appears that the increase in yield point, tensile strength and Brinell 
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Via. 31.—SamPiy 3446; MopIFIED 13.31 PER CENT. SILICON ALLOY, CAST IN GREEN 
SAND, REMOVED FROM MOLD AND QUENCHED 1.5 MIN. AFTER POURING. ETCHED IN 
3 PER CENT. HE piuus 10 per cent. HNO;3. X 1000. 


(Reduced to 28 original size.) 


hardness that results from quenching directly from the mold is due 
largely to the retention of silicon in solid solution. An additional factor, 
which may be to some extent responsible, is the prevention of some par- 
ticle growth or spheroidizing that might have taken place if the casting 
were allowed to cool without interruption in the mold, or even if it were 
allowed to cool slowly on the foundry floor. 


PRECIPITATION HARDENING 


From the marked decrease in the solubility of silicon in aluminum 
with decreasing temperature, and the great hardness of silicon as com- 
pared with aluminum, it would seem possible to produce considerable 
hardening by either natural or artificial aging, following a solution heat 
treatment. The absence of any appreciable aging effect at room 
temperature had been noted in many instances. Experiments were under- 
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taken to determine the possibilities of age-hardening at elevated tempera- 
tures. The two forged alloys, samples 4431 and 4305, containing 1.51 
and 2.79 per cent. silicon were heated 72 hr. at 570° C., quenched in 
water and reheated at various temperatures for various periods of time. 
All samples were quenched in water after the reheating treatments. 
The results on the 2.79 per cent. silicon alloy are shown in Hips 32. 
It is seen that at each temperature the hardness rises to a maximum and 
then decreases. The amount of the hardness increase is not very great 
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Fic. 32.—EFrect OF REHEATING AT VARIOUS TEMPERATURES ON BRINELL HARD- 


lod 


NESS OF FORGED 2.79 PER CENT. SILICON ALLOY, HEATED 72 HR. AT 570° C. AND 
QUENCHED. 


at any temperature, and is not much greater at the low temperatures 
than at the high temperatures. The time required to attain maximum 
hardness, of course, lessens as the temperature of reheating is increased. 
This is shown in Fig. 33, in which the time required to attain maximum 
hardness is plotted on a logarithmic scale against the aging temperature 
on an arithmetical scale. The result is a straight line. 

It was thought that perhaps the failure to obtain a greater increase 
in hardness in these treatments was due to the effect of the undissolved 
silicon particles which might act as nuclei and prevent the development 
of a fine dispersoid. Aging treatments were therefore carried out at 
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150° and 200° GC, for various periods of time on the alloy containing only 
1.51 per cent. silicon, in which no undissolved silicon could be seen after 
the solution heat treatment. The results are given in Table 13, from 
which it will be seen that the increase in hardness is of the same order 
as that obtained in the 2.79 per cent. silicon alloy. 
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Wa. 3838.-—Kerrecr OF REHHATING TEMPERATURE ON TIME REQUIRED TO PRODUCE 
MAXIMUM HARDNESS IN QUENCHED ALUMINUM-SILICON ALLOY. 


There has not yet been opportunity to inquire sufficiently into the 
causes of this rather interesting absence of marked age-hardening. One 
specimen containing 1.51 per cent. silicon, heated 120 hr. at 570° C., 
quenched and reheated at various temperatures, was examined micro- 
seopically for evidence of precipitated silicon. A very fine precipitate 


Fre, 34. Fig. 35. 


Pie, S4-—Sampie 4431; 1.5 per CENT. SILICON ALLOY. FORGED, HEATED 120 


BR. Av OTO" CO QUENCHED AND REHEATED 40 HR. Av 400° C. Ercnep IN 1 PER CENT. 
Hi X 800. 
Pre, 35.—Sanm as Fie. 34. X& 1000. 
(Reduced to 25 original size.) 
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be definitely seen after reheating at 300° C. This precipitate was 
more easily observed after heating 40 hr. at 400° C., in which condition 
it ts shown in Pigs. 34 and 35. It seems that the area occupied by silicon 

+ these photomicrographs is larger than would be expected from the 
stheon content of the alloy. It was also noted that the silicon particles 


—— 
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did not polish out in relief to as great an extent as in some other speci- 
mens; such as that shown in Fig. 5, for example. There has not been 
enough work done on this phase of the subject to say whether these 
observations have any significance. The dispersion of the silicon seems 
to be general, except for a slight concentration along the grain boundaries, 


_ as would be expected. 


Tasie 13.—Precipitation Hardening of an Aluminum-silicon Alloy 


Forged Bars Containing 1.51 Per Cent. Silicon; 0.07 Per Cent. Iron; 0.02 Per Cent. 
Copper (Sample 4431) Were Heated 72 Hr. at 570° C., Quenched in Water, and 
Reheated to Temperatures Indicated, and Quenched 


| 


150° C. | 200° C. 
Timp, Hr. | oe vel ee Time, Hr. Se marae 
0 34.4 0 32.3 
1 34.45 1 35.2 
oe 35.75 2 37.5 
3.6 35.65 3.16 37.8 
5.0 35.5 4.16 37.8 
25.0 37.35 6.0 38.9 
49 38.45 | 7.25 38.8 
73 | 39.4 | 8.75 38.5 
97 . 38.85 10.0 38.3 
121 | 39.85 13.0 | 37.7 
145 39.35 
169 37.85 
193 37.85 
a7 38.2 
241 38.2 
265 38.4 
289 38.0 


PRACTICAL CONSIDERATIONS 


These results suggest that it may be well worth while to heat-treat 
aluminum-silicon alloy castings in commercial practice. ‘The maximum 
strength attained is below that attainable in other heat-treated alloys, 
such as those of aluminum with copper, but the elongation and plasticity 
are high. The tensile properties are to be considered together with the 
other characteristic properties of the aluminum-silicon alloys, among 
which may be mentioned: good casting qualities— fluidity, freedom 
from hot shortness, and freedom from leaks; excellent resistance to corro- 
sion; low thermal expansivity ; high electrical and thermal conductivity ; 
low specific gravity; rather poor machinability; low elastic limit and low 
endurance limit (before heat treating). Heat treatment may Improve 
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some properties that were not determined in the work described, such 
as resistance to corrosion and endurance limit. 

It should be noted that the work described is exploratory in character 
and is not, in the authors’ opinion, sufficiently complete to make possible 
reliable conclusions regarding the properties that could be realized on a 
commercial scale. Account should be taken of commercial variations in 
alloy composition and casting practice. Furthermore, it would probably 
be impractical to employ on a large scale heat-treating temperatures as 
close to the melting point of the aluminum-silicon eutectic as were 
employed in this work. It would be desirable, therefore, to determine 
the effect of lower temperatures. 

A consideration of some importance concerns the relative ease of heat 
treating as compared with modifying. The best product that can be 
made by a given process is of little interest unless it can be made with a 
rather high degree of consistency. It has been found in one commercial 
foundry that the heat treatment of aluminum-copper alloy castings can 
be controlled more easily than the modification of aluminum-silicon 
alloys. It cannot, of course, be said that this experience would be univer- 
sal, or that the heat treatment of aluminum-silicon alloy castings would 
produce more consistent results than modification. 


DiscussIoN AND SUMMARY 


The heat treatment effects in aluminum-silicon alloys may be con- 
sidered as due to one or more of these structural changes: solution; 
precipitation; spheroidizing; grain growth. 

Solution.—Strength and hardness may be increased very materially, 
in some cases by well over 50 per cent., by quenching from about 565° C. 
as compared with cooling slowly. This hardening is accompanied by 
decreased plasticity and usually by decreased elongation. From the 
known constitution of the system, it is to be expected that the magnitude 
of the solution effect will vary with the quenching temperature up to 
the melting point of the eutectic (577° C.), increasing as the temperature 
is increased. 

Results analogous to those of a solution heat treatment can be pro- 
duced by quenching castings shortly after solidification. 

Precipitation.— Aging at room temperature has substantially no effect 
on the tensile properties or hardness of aluminum-silicon alloys, either 
as cast or after a solution heat treatment. Aging at elevated tempera- 
tures (150°-400° C.) after a solution heat treatment at 570° C. may 
increase hardness by about 15 to 20 per cent. This hardening seems to 
be accompanied by decreased plasticity and, usually, ductility. 

Spheroidizing.—Spheroidizing and growth of the silicon particles are 
very marked on heating at about 565° C., but also occur at lower tem- 
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peratures. They result in decreased hardness and strength and increased 


plasticity, usually with increased ductility. These effects increase with 


the temperature and time of heat treatment. 

Grain Growth.—Grain growth is to be expected in wrought aluminum- 
silicon alloys when they are heated above the temperature of recrystal- 
lization. This phase of the subject was not investigated in the work 
here described. 

Conclusions.—In general, treatment for a shert time at temperatures 
around 565° C., followed by quenching, favors the predominance of the 
solution effect, while a long-time treatment. favors the predominance of 
the spheroidizing effect. Thus the strength and hardness of castings 
may be increased by short heat treatments but reduced by long heat 
treatments. The plasticity of a cast alloy is apt to be decreased by a 
short treatment, due to the solution effect, but is increased as the time of 
treatment is prolonged, due to the spheroidizing effect. Elongation is a 
complex property depending on both strength and plasticity. It may be 
increased by a solution heat treatment which at the same times decreases 
plasticity. It may be further increased when the spheroidizing effect 
increases plasticity, and might ultimately be decreased by the loss of 
strength due to spheroidizing, although this stage was not reached in the 
experimental work here covered. 


DISCUSSION 


8. L. Hoyt, Schenectady, N. Y.—It would seem that much of this work could be 
very well done by the college laboratories, but instead of the colleges supplying 
material of this kind to the industries for their utilization we find the industries 
supplying teaching material to the colleges. - 


P. D. Merica, New York, N. Y.—I noticed the difference in structure caused by 
a high temperature anneal followed by a draw, in the sense of spheroidizing the 
silicon ‘particles. I do not notice any reference in the paper to the effect that that 
change of structure will have on the machining, but I think it must have a very 
important one. I would be interested to know what that effect is. 


R. S. Arcurer.—There is considerable reason to think that change in particle 
shape should have a marked effect on machining qualities, but there is not sufficient 
experience on any scale to tell with certainty what the effect is. in 

The principal difficulty in machining the ordinary aluminum silicon alloys, by 
which I mean alloys containing 13 per cent. or less of silicon, is due to the softness of 
the material which causes dragging and building up of aluminum on the tool edge and 
similar effects. With higher silicon content, especially with primary silicon present, 
an abrasive effect on the tool becomes apparent. It would be expected that the 
spheroidizing of the silicon particles by heat treatment would diminish the abrasion by 
making them smoother and by decreasing the probability of fracture with production 
of sharp edges. On the other hand, the increase in plasticity by heat treatment might 
be expected to increase the tendency of the alloys to drag so that the net results do 
not appear very certain and really would have to be determined by extended machin- 


ing tests. 


Condition of Thorium in Thoriated Tungsten Filament 


By Ancet St. Joun, Pu.D., New York, N. Y. 


(Detroit Meeting, September, 1927) 


Avr tur New York meeting of the Institute of Metals Division in 
February, 1927, Jeffries and Tarasov presented a paper on Tungsten 
and Thoria,! in which the experimental facts were interpreted in accord- 
ance with the prevailing point of view that the thorium is present as the 
oxide, thoria. 

In discussing that paper the writer of this article stated that his own 
investigations, which had been unavailable to Messrs. Jeffries and Tarasov, 
showed that the so-called ‘‘thoriated”’ tungsten filament failed to dis- 
close any sign of the oxide when subjected to X-ray diffraction analysis, 
but did give plenty of evidence of the presence of metallic thorium and, 
in certain cases, of a material believed to be an alloy of tungsten in thorium. 
Since these results were completely at variance with the results reported 
in the paper under discussion and with other papers which had preceded it 
from time to time in the past, it was felt that further discussion should be 
withheld until the new evidence could be presented adequately. Arrange- 
ments were therefore made to present that evidence at this meeting. 


MATERIAL EXAMINED 
o 


The material examined was high-emission filament such as is used in 


radio tubes, supposed to contain about 0.75 per cent. thoria. The 
actual analysis was not stated. 


Score OF THE INVESTIGATION 


The investigation was undertaken because of a feeling that the 
thorium present in filamentary material of this type exists as metallic 
thorium or as an alloy of thorium and tungsten and not as the oxide. 
Attention was therefore directed to determining: 

1. The minimum amount of thoria detectible in a mechanical mixture 
of thoria powder and finely divided tungsten. 

2. The amount of thoria detectible in the filament. 


3. The condition of any thorium present in other form than as thoria. 
4. The amount of thorium dissolved in the tungsten. 


1 Proc. Inst. Metals Div., A. I. M. BE. (1927) 395. 
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In the course of the investigation more than 100 exposures 
were made, most of which were direct comparisons of the patterns of 
two samples. Fifty-eight exposures were made on the filament. Of 
these 10 showed unmistakably lines attributable only to thorium, or to 
a component hitherto unknown, which showed a characteristic structure 
and gave a characteristic pattern; 12 showed clear indications of such 
lines, and eight showed suggestions of them. Six of the 58 expo- 
sures were made to bring out the extent of the thoria content, three 
were made in a special manner to determine the extent of solution of tho- 
rium in tungsten, and the remainder were failures resulting from experi- 


Fic. 1.—St. JoHN X-RAY DIFFRACTOMETER, 1926 MopEL. 


mental difficulties. In all cases where the experimental procedure was 
suitable for the detection of very small amounts of thorium or the new 
component, lines attributable only to one or the other were present. In 
a few cases such lines were observed to have surprising intensity when the 
experimental conditions were not favorable, suggesting the segregation 
of the corresponding constituent. No signs of the pattern of thoria were 
found, even under the most favorable conditions. The amount of tho- 
rium dissolved in the tungsten was found to be inappreciable. 


Meruops UsEp 


The diffractometers used were of the type originally designed by the 
writer for the Union Carbide and Carbon Research Laboratories. A 
more recent instrument of this type is illustrated in Fig. 1. It is provided 
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with interchangeable specimen holders for the surface reflection method 
with materials highly opaque to X-rays, for the powder method as 
usually practised and for the writer’s precision method with transmitted 
radiation. All of these methods were used in the course of the investiga- 
tion. The X-rays were derived from the usual type of Coolidge tube with 
water-cooled molybdenum target operated at 30,000 volts and 25 milli- 
amperes. Exposures ranged from 16 to 72 hr. Zirconia filters were used 
at times and omitted at others. 


Is TuHortA PRESENT IN THE FILAMENT? 


As already stated, no signs of the pattern of thoria were found even 
under the most favorable circumstances. Two prominent lines of the 
thoria pattern lie between two of the lines of the tungsten pattern, but 
far enough removed to be clearly distinguishable even when very faint. 
Taking advantage of this, specimens about 34-in. square were mounted 
at the proper angle to focus sharply in this region by surface reflection. 
Under these circumstances there should be enough particles of the minor 
constituent favorably placed for diffraction to give a recognizable line 
for concentrations under 1 per cent. In tests of mechanical mixtures of 
very finely divided tungsten powder and powdered thoria, it was found 
that the thoria lines could be faintly detected for mixtures containing 0.2 
per cent. In similar tests on a large number of strands of filament side 
by side on a card, no signs of the lines could be discovered. It must be 
concluded therefore that the amount of thoria present is less than 0.2 per 
cent. or that it is in such a state of submicroscopic subdivision as to give a 
weaker pattern than the material used as control. 


Is Meratiic THortum PRESENT IN THE FILAMENT? 


The direct comparison of a single strand of the filament with a thin 
compressed specimen of powdered thoria mounted for the transmission 
method is illustrated in Fig. 2. In the writer’s variation of the transmis- 
sion method, the face of the slit system is at 45° to the X-ray beam and 
the upper edge of the slit is on the axis of the instrument. The specimen 
is placed against the slit system on the tube side, so that a portion is in 
contact with this edge of the slit and hence is on the axis. Asa result the 
lines are sharply defined over the entire range of the instrument. In 
Fig. 2 there is no sign in the pattern of the filament, on the left, of any 
of the strong lines of the thoria pattern. On the other hand, there is a 
distinct break in the pattern of the filament about 14 in. from the right- 
hand edge, the left-hand portion being the pattern of tungsten plus the 
pattern of thorium, and the right-hand portion the pattern of a material 
having the same face-centered cubic structure as thorium but with the 
atoms somewhat closer together. The side of the unit cube for this 
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material is 4.97 Angstroms, whereas for thorium it is 5.04. A few faint 
lines due to the lead slits appear in both portions. As the shadow of the 
filament is not apparent in the direct beam the positions of the lines were 
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Fig. 2.—CoMPpaRISON OF THORIATED FILAMENT AND POWDERED THORIA. N®GA- 
TivE H-1: LEFT SIDE, FILAMENT, SINGLE STRAND SHOWING PATTERNS OF TUNGSTEN, 
THORIUM AND A NEW COMPONENT SEGREGATED TOWARD RIGHT END OF STRAND, RIGHT 


SIDE, POWDERED THORIA. 
Fic. 3.—CoMPARISON OF SHEET TUNGSTEN AND THORIATED FILAMENT. NEGATIVE 


H-107: Lerr sIDE, SHEET TUNGSTEN; RIGHT SIDE, MANY STRANDS OF FILAMENT, 
BOTH WRAPPED ON BRASS CYLINDER }4-IN. DIAMETER. EXPOSED WITHOUT FILTER, 


measured from the upper edge of the undeviated beam and corrected for 
the actual position of the filament, and for a systematic error in the instru- 
ment, by checking the tungsten lines against a calibrating pattern made on 
the same instrument with a thin compressed specimen of finely divided 
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tungsten. The measured and corrected values, together with the theo- 
retical values for tungsten, thorium, thoria and a face-centered cube with 
edge 4.97 Angstroms, are given in Table 1. A reasonable interpretation 
of this peculiar pattern is that the specimen was segregated, the left-hand 
portion being tungsten plus a small amount of thorium and the right- 
hand portion an alloy of tungsten in thorium. 


TaBLE 1.—Positions of Lines on Negative H-1, Left Side, in Millimeters 


Measured2 Corrected Tungsten Thorium Thoria "deo ; Remarks 
4.97 A 
25.2 
28.0R 28.4 28.1 1 a 
L 28.5 28.9 | Lead slit 
29.2 
32.0 R 32.5 32.5 | 32.8 
L 32.8 33.2 | Lead slit 
L 36.0 36.5 36.6 
L 36.2 36.7 36.8 
| | a Let 
L 45.5 46.1 46.1 
46.0 R 46.6 | 46.6 | 
L 46.6 47.2 _ Lead slit 
| 48.6 
50.8 
ele 51.8 O22 Ome | 
L 51.4 62.1 D202 
L 53.8 54.5 54.3 | | 
54.2 R 54.9 54.8 
54.8 55.5 : ad: 
L 56.0 56.7 56.6 | ae 
57.0 R 57.7 or.G. | 
58 8 | 
L 63.0 63.8 64.0 63.9 
L 63.4 64.3 64.3 | 64.2 | 
65.8 | | 
66.0 
66.6 
CARES! 
71.8 | 72:8 pase 72.8 
W2iez |) F905) 4) 72 oO . 
ie ee aie 73.72 Lead slit? 
UH 74.6 74.5 74.5 
Beyond this value only tungsten lines are recorded. 
| 


“ L indicates line in left portion only; R, in right. 


. In Fig. 3 is illustrated the comparison of patterns from many strands 
f the filament wound on a brass tube of 3 mm. radius, so as to form a 
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TABLE 2.—Positions of Lines on Negative H-107, Right Side, in Millimeters 


Measured Corrected Tungsten Thorium Bdge 
4.97 A 
28.1 28. 
32.2 32.2 32.0 32.3 Si 
32.7 32.7 32.6 32:55 32.7 
36.6 
36.8 36 .8¢ 36.8 
38.7 38.6 
44.8 44.6 ' 
45.7 45.5, 45.4 45.8 ff 
46.5 46 .3¢ 46.3 46.1 46.5 
52.1 51.8 52.0 
52.5 52.2 52.2 
53.9 
. > 54.8 
56.1 55.8 55.8 
57.2 56. 9e 56.9 56.6 
57.6 
64.3 64.0 64.0 
64.8 64.5 64.3 
64.6 
66.3 65.9 65.8 65.8 
66.6 
72.9 72.5¢ 72:5 72.4 
: 72.8 
[ilovsc 
73.9 73.7 
74.5 74.1 74.2 74,2 
75.2 74.8 74.5 74.5 
75.8 754° 
79.0 78.5 
80.3 79.8 79.6 
80.5 
81.8 81 81.2 81.0 
82.2 
83.9 83 .4¢ 83.4 
84.5 84.0 83.8 : 
85.6 
86.9 86.4 86.2 86.1 
toy Anes 
88.8 88.3 88.1 
91.0 90. 5 
92.3 91.8 91.6 
93.0 92.3¢ 92.3 
92.7 
7 93.7 
2 94.6 94. 94.3 
oh 95.6 
98.2 
98.6 98.7 
100.3 99.6 99.8 99.7 99.8 
101.0 100.1 100.1 100.2 100.3 
100. 7¢ 100. 
a 101.0 101.2 Not in tungsten set 
105.3 104.5 104.4 . 
106.8 106.0 ; 106.1 Not in tungsten set 
106.7 106. ; 
107.6 106.9 bel 
108.5 107.6 107.5 ; 
109.9 110.0 109.6 
110.8 9 110.3 
111.0 111.2 
111.6 111.8 
2 12.3 
113.2 112 ‘ 112.8 
113.2 
115.0 114.0¢ 114.0 
114. 8¢ 114.8 
1828 115.2 
116.3 
117.2 
118.8 117.8 117.8 118.4 
U2.8 Not in tungst t 
120.0 120.3 ot in tungsten se 
121.0 120.5 oh Bs 
121.8 120. 8¢ 120. : 
c Dale 221.6 
122.7 121.6 121.6 oon 122.2 
124.0 122.9 122.8 Not in tungsten set 
a ee ee 
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TaBLE 2.—(Continued) 


Measured Corrected 
128.5 127.3 
129.4 128.1¢ 
1317. 130. 3¢ 
134.5 133.2 
135.0 133.7 
135.9 134.5 
141.4 140. 0¢ 
142.3 140. 8¢ 
144.6 143.0 
149.5 148.0 
150.8 149.2 
152.7 151.0 
153.6 152.0 
154.7 153. 1¢ 
159.6 158. 
160.8 159.0 
163.8 162.0 
165.0 163.2 
165. 164. 0¢ 
166.8 165.1 
168.4 166.7 
171.5 169.7 
173.0 L7G 
177.4 175.6¢ 
178.7 176.8 


Tungsten 
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175. 
176. 
176. 


wore 
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Thorium 
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Not in tungsten set 


Not in tungsten set 
Not in tungsten set 
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These lines were due to brass holder, 


¢ These lines w 


ere used for calibration, hence values agree. 
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cylindrical specimen, and from a thin sheet of tungsten wrapped around 
the tubing. The black line separating the two patterns is curved because 
the lead septum in the instrument was slightly sprung. The relative 
intensities of corresponding tungsten lines in the two patterns are very 
different because the two types of forming operations have produced 
decidedly different grain orientations. This method of mounting gives 
effective focusing throughout the entire range, and at the same time 
presents a larger effective specimen surface for the larger angles where the 
ordinary patterns tend to become weak. A series of correction terms, 
which may be calculated from the position of tube, specimen and film and 
the size of the specimen, or may be secured from a calibration pattern, 
must be applied. The latter is the simplest way and in the present case 
the tungsten supplies its own calibration pattern. Since no filter was 
used, the tungsten pattern is complete, including not only the lines due 
to the alpha doublet usually used but also those from the beta and gamma 
waves. Many of the lines of the minor components differ so slightly 
from other lines of the tungsten pattern as to be indistinguishable, but 
a few for each are well removed or at least resolved from near-by tungsten 
lines. Seventy-one lines have been measured in this pattern. These, 


Fig. 4.—CoMPaRISON OF SHEET TUNGSTEN AND THORIATED FILAMENT AT LARGE 
DIFFRACTING ANGLES, SHOWING SCARCELY PERCEPTIBLE DIFFERENCES IN SPACINGS. 
UprrerR HALF SHOWS FILAMENT, THE LOWER, SHEET TUNGSTEN. 


with the corrected values, the theoretical values for tungsten, and the 
theoretical values for the alpha doublet lines of thorium and of the new 
component already observed in Fig. 2, are given in Table 2. It will be 
observed that there are three lines in each of these latter patterns which are 
distinctly visible and not coincident with lines from any other pattern. 
There can thus be no doubt of the presence of these components in the 
specimen represented. It is therefore reasonable to conclude that the 
new component is a characteristic structure, corresponding to a definite 
compound of tungsten in thorium, and not a special case of a whole series 
of solid solutions. 


How Mucu Tuorium 1s DISSOLVED IN THE TUNGSTEN? 


A sensitive test for thorium dissolved in tungsten was applied. 
This consisted in reversing the diffractometer so that the diffracted beam 
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traveled backward almost along the incident beam. Under these circum- 
stances the angle A in the diffraction equation 


nL = 2d sin A 


is nearly 90° and the value of the angle changes greatly with a very slight 
change in the sine, hence with a very slight change in the spacing. As 


Fic. 5.—CoMPaRrISON OF TWO ADJACENT PORTIONS OF A SINGLE-CRYSTAL FILAMENT 


OF TUNGSTEN AFTER DRAWING THROUGH A DIE. CRYSTAL HAS BEEN DISINTEGRATED 
AND SMALL CRYSTALS HAVE SLIPPED ON BACH OTHER. 


shown in Fig. 4, there was no perceptible difference in the position of a 
pair of lines from pure tungsten and from the filament. Hence the 
amount of thorium dissolved in tungsten is inappreciable. 


{FFECT OF CoLD WoRKING ON A SINGLE-CRYSTAL WIRE 


During the investigation, some filaments were examined which had 
been made by drawing a single crystal of tungsten through a die. A typi- 
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cal example of the remarkable patterns is given in Fig. 5. The apparent 
strokes of lightning are due to diffraction of the Laue type from the series 
of small grains into which the crystal has been broken, each grain having 
been rotated slightly with respect to its neighbors. This suggests a most 
interesting mode of attacking the problem of torsional strain and slip 
in wires. . 


SUMMARY , 


The investigation shows that the major bath of the thorium present 
in the so-called ‘‘thoriated-tungsten”’ filament is present as metallic 
thorium or as an alloy of tungsten in thorium, and not as thoria or an 
alloy of thorium in tungsten. It shows further that the alloy in question 
has a characteristic parameter and hence probably a characteristic com- 
position. In the course of the investigation methods were devised for 
detecting as small an amount as 0.2 per cent. of a minor constituent. 


DISCUSSION 


P. P. Tarasov, Cleveland, Ohio (written discussion).—I should like to ask Dr. 
St. John how he explains the evidence given by the microscopic study on the presence 
of thoria in tungsten metal. It is well known that when thoriated tungsten ingot is 
polished the particles of thoria are readily seen under the microscope, and more so 
after slight etching. These particles are in the form of non-metallic gray globules. 
Their non-metallic nature is further indicated by their comparatively low plasticity; 
namely, on working tungsten ingots at very high temperatures, in the neighborhood 
of 1500° C., they are somewhat elongated, together with tungsten grains, but when 
the working temperature is reduced to about 1000° C., the elongated particles of 
thoria begin to break up with the brittle fracture typical of non-metallic substances. 

In case metallic thorium is added to tungsten and then heat treated in the usual 
way, there is considerable loss of thorium, due to evaporation; the remainder of 
thorium turns into thoria. Whereas, when thoria is added to tungsten, the loss due 
to evaporation is very much less, and as the boiling point of thoria is much higher than 
that of thorium. It may be added here that oxygen for the formation of thoria from 
the thorium is supplied by a slight moisture content in the hydrogen. 

The process of changing thorium into thoria can be interrupted before completion, 
in which case the microscope reveals a shell of non-metallic material resembling in 
every way material found in thoriated tungsten, and the core of metallic material 
which is undoubtedly thorium metal. 

The shape of the particles of the material in question indicates that their melting 
point is much higher than that of thorium. The melting point of thorium metal is 
about 1830° C., according to Marsh and Rentchler, while thoria melts in the neighbor- 
hood of 3000° C. 

Hardness of those gray particles always found in thoriated tungsten ingots is 
another evidence of their non-metallic nature. Thorium metal is not very hard, 
softer than tungsten, while thoria, being metallic oxide, naturally must be much 
harder. When thoriated tungsten is polished, sometimes slight polishing scratches 
remain on the surface. These scratches never pass across thoria particles, indicating 
that those particles must be harder than surrounding matrix of tungsten metal. 
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It seems that when X-ray evidence is at variance with so much other evidence, 
some of which is of a very positive character, such X-ray evidence should be very 
clear and definite, which Dr. St. John’s evidence seems not to be. 


L. W. McKernan, New York, N. Y.—I should like to question Dr. St. John in 
regard to the size of filament that contained thoria, because the absorption of these 
metals is so great for the molybdenum radiations that unless the filament is quite 
small, say below 2 mils in diameter, the surface is responsible for a great deal of the 
effect observed, and there is always a possibility of a little variation in distribution of 
intergranular materials between the surface and the center of wire that has been drawn. 

Another question is whether the filament was, as I suppose it must have been, in 
the original hard-drawn state or whether it had been glowed. In the latter case I 
should suppose that the distribution of thoria again would be affected. Last winter 
some photographs were shown of thoriated filaments glowed for long periods, in which 
the surface appeared to have been cleaned of thoria. At least that was the interpreta- 
tion given, the central part containing the specks of thoria—or whatever it is—a clear 
zone lying next and the pitted surface outside that. If the wire was merely cold 
drawn, such a variation in content from center to surface would not be expected. 

In regard to the photograph showing the ‘lightning flashes,” there was a note by 
Yoshida and Tanaka? in which similar appearances were produced by applying the 
Laue method to what were supposed to be single-crystal wires. The explanation is 
that different parts of the length of a single crystal exposed to the X-ray beam will 
reflect the various wave lengths present in different directions, so that the whole 
wire gives as a reflection a stripe somewhere on the plate, not necessarily parallel to 
the specimen itself. The parts of this image are due to wave lengths that are different. 
It is possible that some of the effects shown here are due to the same cause, because 
we know that in the X-radiation used here there is a good deal of general radiation 
able to produce something very much like the Laue pattern, 


E. P. Cuarrxorr, Cleveland, Ohio.—In accordance with the degree of precision 
that X-ray analysis affords, would the author give more exact data on the conditions 
under which the tests were made in order that the conclusions arrived at might be 
more clearly comprehended? I was rather interested to know just what state of 
filtering existed, particularly in the left-hand side of Fig. 2, the film of the thoriated 
filament. Also, would he explain just how the intersection of the film with the cones 
of diffraction could give such a pattern as he has shown where one constituent in the 
beam gives lines going clear across the film and another constituent in the beam gives 
lines which traverse the film only in a limited and definite amount. 


S. L. Hoyt, Schenectady, N. Y.—Dr. St. John’s paper, I believe, is really more 
limited than the title would lead one to suspect. The paper ostensibly deals with the 
condition of thorium in thoriated tungsten filaments but the evidence is that obtained 
by X-ray analysis. I think we should bear that distinction in mind. 

To one who has done any considerable amount of work on this subject, using the 
methods of microscopic and chemical analysis, the conclusions which Dr, St. John 
reaches are, I would say, somewhat startling. 

There is nobody who regards any more favorably and highly than I the results of 
X-ray analysis as applied to the study of metallurgical problems. We certainly have 
there a very important tool. On the other hand, it is limited and many times, as 


I believe in the present case, it is necessary to consider the general problem from other 
angles in order to arrive at the final conclusion. 


?U. Yoshida and K. Tanaka: Laue Photograph Taken with a Long Slit. 
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For instance, the author draws the conclusion, which of course is rather guarded, 
that the thorium content as ThO, is under 0.2 per cent. That is certainly in direct 
variance with the microscopic examination. The reason for that I would not attempt 
to account for, but I have examined thoriated filaments which run from 0 per cent. of 
thoria to 2 per cent. of thoria, and the microscope shows a definite quantitative increase 
in the amount of this constituent to which Mr. Tarasov referred. The micrographic 
method of determining the thoria content can be carried out very easily and the results 
checked with those of chemical analysis, in which case the thoria is determined as a 
non-volatile residue. Both methods are customarily employed. 

Furthermore, he has referred to the fineness of subdivision of the thoria. It is 
safe to assume that the thoria present is in as fine a state of subdivision as is possible to 
produce «it, so we may assume that the thoria particles present are extremely finely 
subdivided. That may possibly be the leading reason for the failure to secure strong 
thoria lines from a filament that is supposed to contain 0.75 per cent. thoria. Dr. 
St. John is very frank in his reason why the evidence on this point is negative. 

Even though metallic thorium be added to tungsten, the evidence is very strong, 
and to my mind, very clear that the thorium is oxidized during the process to thoria, 
and the end is practically the same thing; that is, thoria particles in tungsten. There 
may be a small amount of metallic thorium in solution in the tungsten and that can 
be determined by means of the electric conductivity and the temperature coefficient. 

The author also refers to the amount of thorium dissolved in tungsten in a thoriated 
tungsten filament. That thorium is simply the thorium that is reduced, according to 
the Langmiur hypothesis, by the tungsten present, and on that basis we would expect 
only an exceedingly small amount of metallic thorium. 

Summarizing this discussion, I would say that the X-ray analysis presented by 
Dr. St. John does not seem to me to be at all final, and that in the face of other evidence 
which has been obtained over a period of years the conclusions which he reaches are 
certainly at variance with a large amount of information which has been obtained by 
microscopic and chemical means. : 


Z. Jurrries, Cleveland, Ohio.—I think Dr. St. John can rest assured that his 
parameter measurement would not vary materially whether the sheet contained 0.75 - 
per cent. thoria or not. 

Mr. Davis has covered that subject very thoroughly in a paper published by the 
American Physical Society, in which he shows that the parameters of so-called pure 
tungsten are substantially the same as we would expect, with only 0.002 to 0.004 per 
cent. thorium in solid solution according to the constitution as postulated previously. 

The presence of metallic thorium in the absence of any oxygen definitely yields a 
material having a higher cold resistance than thoriated tungsten, and having a lower 
ratio of hot to cold resistance; in other words, definitely yields a material indicative 
of a solid solution. 


A. Sr. Joun.—Mr. Tarasov says that when a thoriated tungsten ingot is polished 
and examined under the microscope ‘‘the particles of thoria” are readily seen and 
appear as ‘‘non-metallic gray globules.” He also says ‘‘their non-metallic nature is 
further indicated by their comparatively low plasticity” and elaborates that idea. I 
would remind him that when the original paper by Jeffries and Tarasov was pre- 
sented, in February, 1927, Dr. Jeffries himself suggested that there were some reasons 
for thinking these particles might be an inter-metallic compound. This statement 
and my comment that the X-ray evidence confirmed it were omitted from the 
published discussion. ies 

To my mind, the other evidence asserted by Mr. Tarasov is equally indicative that 
the gray globules are not thoria. Tam under the impression that finely divided thoria 
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is white, not gray, whereas finely divided thorium is bluish gray. It is well known 
that thorium oxidizes readily and it is reasonable to believe that any particles of thor- 
ium laid bare in preparing the specimen would be slightly oxidized and present the 
blue-gray appearance characteristic of a metal with a very thin oxide film instead of 
the bright metallic appearance. 

Furthermore, the fact that in the sintered ingot the particles are globular suggests 
that they have been fused, an operation more to be expected for thorium than for 
thoria under usual sintering practice. 

With respect to Mr. MeKeehan’s question, the filament was very fine. It was 
almost invisible and very difficult to handle on account of its fineness. It was the 
filamentary material that is used in making up filaments for radio tubes and was in 
the original state as manufactured; had never been removed from the original spool 
until I removed it. 

With respect to the question concerning Fig. 2, instead of having a specimen going 
entirely across the beam, the specimen only occupies one-half of the beam, say the 
right-hand half, and the pattern is going to tend to be concentrated in the right-hand 
half of the diffractometer. If the specimen goes clear across the space, the pattern 
will be distributed and the lines will go clear across. 

In order to check that, I have made up some specimens in which I have had the 
specimens stop midway or three-quarters of the way and that shows up very decidedly. 
It was on that account that I finally came to the conclusion that the only reasonable 
explanation of the peculiar appearance of one side of Fig. 2 is an actual segregation. 
At first it seemed to be a very forced explanation. 

With respect to Mr. Hoyt’s remarks as to the microscopic evidence, personally I 
do not believe anybody has ever seen any metallic thorium in a specimen prepared | 
under the microscope. You almost always are seeing an oxidized surface. 


X-ray Analysis of Plastic Deformation of Zinc 


By T. A. Witson* anv 8S. L. Hoyt,* Scuenecrapy, N. Y. 
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Tue plastic deformation of slender single crystals of zinc has been 
described in some detail in the paper by Mark, Polanyi and Schmid,} 
which has become a classic, and also by one of the present authors in a 
somewhat shorter account.? The study of single-crystal zinc is termed 
classical because zine single crystals offer, perhaps, the best. material 
yet available for the study of atomic behavior during deformation and the 
effect known as “strengthening” in metals. 

A considerable amount of additional work has also been done on 
single-crystal zinc, but as it is not closely related to the present paper it 
will not be considered. Throughout all the former work, the mechanism 
of plastic deformation first described by Mark, Polanyi and Schmid has 
been assumed to hold. This may be said to offer the strongest confirma- 
tion of its correctness. Even so, the picture of the process has never been 
as completely portrayed as is desirable. The first object of the present 
paper is to describe work that has been done in this field, and which is 
even yet being carried on, in the hope that a more complete picture may 
be obtained. 

Mathewson and Phillips* have recently described a new mechanism 
of the deformation of zinc based on their study of large rectangular 
erystals. One of their conclusions was that deformation produced twin- 
ning with a rotation of some of the basal planes into positions 94° removed 
from their original position; a position almost the same as that of the 
prismatic planes before twinning. A second conclusion was that 
fracture occurred along these basal planes in their new position, and, 
therefore that fractures previously regarded as prismatic were in reality 
basal. Such findings are of great significance and they raise a question 
as to the generality of such behavior. Professor Mathewson’s opinion is 
that even the slender cylindrical single crystals behave in the same 
manner as his large rectangular crystals when strained by simple tension. 


* Research Laboratory, General Electric Co. 

1H. Mark, M. Polanyi and E. Schmid: Beschreibung der Erscheinungen und 
Untersuchungsmethoden. Ztschr. Physik. (1922) 12, 58. 

28. Hoyt: Plastic Deformation of a Zinc Single Crystal. Proc. Inst. Metals 
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30. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
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The second object of this paper is to subject both the classical theory 
and this more recent theory to a searching inquiry to determine the 
validity of each. Fortunately, each theory presents a definite picture 
of atomic arrangements, therefore the problem is one that can be attacked 
with present methods of X-ray analysis with chances of success. 

The third object of this paper is to describe in greater detail than has 
yet been done the true condition of the zine crystal during deformation, 
and hence to show the extent of the preservation of the lattice structure, 
and of the occurrence of warping and fragmentation. The major fea- 
tures of the deformation of zine have been fully reported in the papers 
referred to. That portion of the subject will not be reviewed here. It 
will also be accepted that zine possesses the hexagonal close-packed 
structure with an axial ratio of 1.86.4 Accordingly, the planes of greatest 
interplanar distance are the basal planes. 

The subject will be treated under the following headings: (1) The 
plastic deformation of polycrystalline zine strip; (2) the plastic deforma- 
tion of a single-crystal zine wire, and (3) the fracture of single-crystal 
zine specimens. 


CHARACTERISTICS OF THE SPECTROGRAMS TO Br EXpEcTED FROM EACH 
THEORY 


In working with the polycrystalline zine strip, the monochromatic 
pinhole method described by Clark, Brugmann and Heath® was employed. 
The two mechanisms of deformation would produce widely different 
spectrograms from plastically deformed zine strips, so that the mechanism 
of elongation should be definitely settled by this means. This will be 
evident from the following explanation. 

If the planes of a particular family occupy only one position relative 
to the incident X-ray beam, and if the angle between the planes and the 
beam is such that Bragg’s law of reflection® is satisfied, a single spot will 
appear on the film from this family of planes at a fixed radial distance 
from the zero-beam impression. If this family of planes maintains the 
proper angle with respect to the incident beam, it may be rotated any 
amount about the incident beam as an axis, and reflection will result; 
but the reflected beam is always in a plane that includes the normal to 
the plane and the primary beam.? Consequently, the reflection will 


*R. W. G. Wyckoff: International Critical Tables (1926) 1, 341; A. W. Hull: 
X-ray Crystal Analysis of Thirteen Common Metals. Phys. Rev. (1921) 17, 571. 

3 G. L. Clark, E. W. Brugmann and S. D. Heath: New X-ray Studies of the 
Ultimate Structures of Commercial Metals. Jnl. Ind. Eng. Chem. (1925) (Tie 

‘W. H. and W. L. Bragg: X-Rays and Crystal Structure, 20. Bell & Sons 
London (1915). 

‘J. D. Bernal: The Interpretation of X-ray, 


Single Crystal Rotation Photographs 
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generate a circle on the film with the primary beam as a center. Further, 
if the planes of the family which are in a position to reflect are limited to 
certain directions about the primary beam, the circle will degenerate into 
a set of arcs, each are showing the location of a certain group of planes. 
If, as usually happens, there are some planes suitable for reflection at all 
positions about the zero beam, but with increased concentration of these 
planes in certain directions, the circle will show itself complete, but the 
density of the reflection on the film will be greater in those directions in 
which most of the planes are situated. c 

Let us consider the case in which basal planes are initially lying flat 
in the horizontal surface of the specimen. Following the twinning 
action, according to the theory of Mathewson and Phillips, some of these 
planes at least will have rotated into positions 4° removed from a vertical 


peers of 
ni2 Plane P'S" 


Fria. 1.—ORIENTATION NECESSARY FOR Fig. 2.—RELATIONS BETWEEN SURFACE 
TWINNED BASAL REFLECTION. OF SPECIMEN AND BASAL PLANE FoR 1122 
REFLECTION. 


direction. Therefore, if it can be shown that some of the basal planes 
fulfill the conditions of the Bragg reflection law, both before and after the 
twinning action, increased density of reflection from basal planes should 
be observed at a point on the circle of reflection 94° removed from the 
original reflection. As the deformation of the zinc strip is increased, the 
successive twinnings produced in the elementary prisms cause the basal 
planes to be oriented more and more at random. Accordingly, the circle 
of basal-plane reflections loses its maxima and approaches the condition 
of even intensity, the sign of random orientation. 

On the other hand, the classical theory of plastic deformation would 
lead us to expect that the reflection maxima would endure throughout 
the deformation. It might even be the case that the maxima would 
become more centralized due to the swinging into line of the basal planes. 

It remains to be shown that in a specimen of strip zinc, some of the 
basal planes, at least, are in such a position that reflections from twinned 
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positions could be detected should twinning occur. The basal reflections 
recorded on the films (see Figs. 4, 5, 7 and 8) with the greatest distinct- 
f the second order. ha 

ahi ctmieiam reflection occurs with an angle between the incident 
and the reflected X-ray beams of 16.6°. The plane, therefore, must make 
an angle of 8.3° with the X-ray beam before reflection can occur. In 
order that the basal plane formed by twinning shall produce reflection, 
the original basal plane must be turned so that the hexagonal axis parallel 
to the twinned basal plane forms an angle of 8.3° with the X-ray beam 
(see Fig. 1). It can be turned in either direction about the normal to 
the twinned basal plane, as shown by the arrows at A without disturbing 
this condition. If it is turned far enough, reflection will result from some 
112-y plane. The first plane of this kind to produce reflection Is the 
1122 plane,® which reflects with an angle of 35.6° between the primary 
and reflected beams. . 

The plane, accordingly, makes an angle of 17.8° with the X-ray beam. 
Table 1 shows that the angle between this plane and the basal plane is 
Olen 


TasLe 1.—Angles Useful in Solving X-ray Spectrograms of Zinc 


Angle Between 


Reflecting Plane Reflecting | Reflecting | 


Basal Plane Surface of 
Plane and Plane and | and X-ray Specimen and 
| Basal Plane X-ray Beam Beam Basal Plane 
| Degrees | Degrees | Degrees Degrees 

a Se — oS = : _ <a = 
0001 (2) 0 8.3 8.3 81.7 
1010 90 8.9 soul 8.9 

1011 65 9.9 55 .1-74.9 34.9-15.1 

1012 47 | Pe 3% | 34.7-59 .3 55 .3-30.7 
OOO1 (3) | 0 15.6 15.6 74.4 

1120 74.8 15.6 | 59.2-90.4 30.8— 0.6 

1122 | 61.7 lias 43.9-79.5 | 46.1-10.5 

2021 76.2 16.9 59 .3-93.1 30.7— 6.9 


In the experiments described in this paper, conducted with a mono- 
chromatic pinhole beam of X-rays, the beam was usually caused to 
graze the surface of the strip with an angle of incidence of 5°. According 
to the construction shown in Fig. 2, reflection from the 1122 plane would 
correspond to an angle between the surface of the specimen and the basal 
plane of either 78.5 or 127.5°. The grazing-beam photographs repro- 
duced in Figs. 4, 5, 7 and 8 show that some reflections were obtained 
from this plane; but unless the original basal planes are in such positions 


8'W. M. Peirce, E. A. Anderson and P. Van Dyck: An Investigation of the Alleged 


Allotropy of Zine by X-ray Analysis and a Redetermination of the Zine Lattice. 
Jnl. Frank. Inst. (1925) 200, 349. 
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that basal reflections or 1122 reflections are obtained, penetration of 
the specimen by X-rays must be resorted to. 

In this method, the X-ray beam penetrates the specimen normal to 
its surface, causing reflections from basal, prismatic and pyramidal 
planes. The disposition of the basal planes, for example, along any par- 
ticular diameter of this type of pattern can then be computed from 
appropriate reflections from other planes, provided the angles between 
these planes and the basal planes are known. This information, 
useful in solving penetrating beam patterns, has been collected in Table 
1. The patterns reproduced in Figs. 3 and 6 are of this kind, but a dis- 
cussion of their solution will best be deferred -until the experimental 
details are taken up. It may be said here that these photographs show 
many basal planes properly oriented in the strip to give reflections from 
the twinned positions on the glancing-beam patterns, if the deformation 
has produced such new orientations. 

This will probably be sufficient to characterize the first test, as listed 
in Table 2. The second characteristic of the X-ray patterns follows 
at once after a little consideration. According to the classical theory, 
as is well known, deformation promotes the achievement of a certain 
average orientation of the slip planes. The newer theory, on the 
other hand, would require a new set of basal planes at 94° to the 
original set as a consequence of twinning. In terms of the symmetry 
of the pattern we should expect a twofold symmetry if the classical 
theory holds, and at least a fourfold symmetry, if the twinning theory 
is correct. 

Considerations of Laue spectrograms (polychromatic radiation) 
obtained from deformed single crystals, are even more conclusive. 
According to the classical theory of deformation, because of the accom- 
panying distortion of the lattice, the spectrogram of such a crystal should 
show the existence of fourth-order bands with an apparent increase in 
its natural symmetry.® On the basis of the twinning hypothesis, the 
Laue pattern should approach a smear, produced by reflections of the 
different wave lengths from many planes at many different angles. 

The cleavage faces of fractured single-crystal samples have also been 
investigated by allowing the X-ray beam to glance over the surface. One 
of the samples was cylindrical and made by the Czochralski method, '° 
while the other was a large crystal similar to those described by Mathew- 
son and Phillips,!! and kindly supplied by Dr. Mathewson. ‘These 


9. Schiebold: Die Verfestigungsfrage vom Standpunkt der Réntgenforschung. 
1-Der Mechanismus der Verformung kristalliner Medien und seine Kennzeichnung 
im Rontgenbild. Zischr. Metallk. (1924) 16, 417. 

10 J, Czochralski: Ein neues Verfahren zur Messung der Kristallisationsgeschwin- 
digkeit der Metalle. Zéschr. phys. Chem. (1917) 92, 219. 

11 @, H. Mathewson and A. J. Phillips: Loe. cit. 
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spectrograms show which lattice planes are parallel to the surface, or 
cleavage face. The results came out as would be predicted from the 
classical theory, for they show that in the former case the prismatic 
plane is parallel to the surface, while in the latter, as is required by the 
twinning hypothesis, both basal and prismatic planes are present. 


StuDY OF POLYCRYSTALLINE ZINc STRIP 


Two specimens of strip zine were experimented with, both having 
been kindly supplied by A. P. Knight of the Rome Manufacturing Co, 
The parent piece was 13 mils thick, and had been rendered ductile by 


TaBLE 2.—Characteristics of X-ray Patterns Obtained on Basis of Each 
Theory of Plastic Deformation 
CriassicaL THEORY Twinnina THEORY 
Polycrystalline Deformation 
Deformation great: Monochromatic pin- Deformation great: Monochromatic pin- 
hole pattern, symmetry low, concen- hole pattern, random orientation, pro- 
tration of planes about certain zones duced by successive twinnings. 
produced by slipping and rotation: 
Deformation slight: Monochromatic pin- Deformation slight: Monochromatic pin- 
hole pattern, symmetry low. hole pattern, symmetry higher, prob- 
ably 4-fold. 
Single-crystal Deformation 
Laue pattern, appearance of fourth-order Laue pattern, development of smear. 
bands. 
Single-crystal Fracture 
Glancing-beam pattern, prismatie plane Glancing-beam pattern, basal plane shown 
shown parallel to fractured surface. parallel to fractured surface. 


appropriate heat and mechanical treatments. The second piece was 
derived from this one by rolling a sample to a thickness of 4 mils on the 
precision rolls of the General Electric Research Laboratory. The direc- 
tion of rolling of the parent strip was maintained. This was done at room 
temperature, and may be considered as a proof that the strip was ductile. 
In accordance with the scheme outlined above, three photographs were 
taken of each sample by the monochromatic pinhole method, with the 
sample in three different positions relative to the beam. Fig. 3 shows 
the photograph of the 13-mil strip taken with the beam penetrating the 
sample, and Figs. 4 and 5 show the patterns obtained with the beam 
grazing the surface parallel to and perpendicular to the direction of rolling, 
respectively. Figs. 6, 7 and 8 show the same conditions for the 4-mil 
strip. The surfaces were carefully etched with hydrochloric acid, before 
making the photographs, to eliminate purely surface effects. On the 


penetrating-ray photographs, the vertical direction on the film is parallel 
to rolling. 
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Fic. 3.—13-m1 NC iG 
MIL DUCTILE ZINC, PENETRATING BEAM, ROLLING DIRECTION VERTICAL. 


Fig. 4.—13-MIL DUCTILE ZINC, GRAZING BEAM PARALLEL TO ROLLING DIRECTION. 


248 X-RAY ANALYSIS OF PLASTIC DEFORMATION OF ZINC 


Fig. 5.—13-MIL DUCTILE ZINC, GRAZING BEAM PERPENDICULAR TO ROLLING DIRECTION, 


Higa 64 Tae an Ro oe 
-—4-MIL DUCTILE ZINC, PENETRATING BEAM, ROLLING DIRECTION VERTICAL. 
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Fig. 7.—4-MIL DUCTILE ZINC, GRAZING BEAM PARALLEL TO ROLLING DIRECTION. 


lig. 8.—4-MIL DUCTILE ZINC, GRAZING BEAM PERPENDICULAR TO ROLLING DIRECTION. 
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Table 3 gives the analysis of Fig. 3. The film shows the strained 
condition of the metal, which is to be expected as the result of rolling, 
by the presence of bands instead of spots. It also shows an even dis- 
tribution of reflections from the pyramidal and prismatic planes. In 
view of the considerations advanced in explanation of Fig. 1 and from 
the hexagonal symmetry of the zinc lattice, special interest attaches itself 
to the reflections from the 1010 and 1011 planes at an angle of about 38° 
each side of the diameters representing the direction of rolling and the 
perpendicular direction respectively. The strength of the reflections 
along these lines shows that there are basal planes so oriented in the 
specimen that they would give twinned basal reflections in the glancing- 
beam photographs, if twinning had taken place. It is reasonable to 
suppose that some of the planes giving basal reflections are also in the 
proper position. 


TaBLe 3.—Spectrogram of 13-mil Ductile Zinc, X-ray Beam Penetrating 
Specimen 


Direction of Rolling Vertical. Distance from Specimen to Film, 95 Mm. 


Radial Tangent Angle Angle Possible 
Distance of Angle between of Angle of Plan 
of Spot, between Beams, Reflection, Reflection, anes 
Mm. Beams Degrees egrees Degrees 
12 0.126 se 3.6 8.3 0001 (2) 
to to to | to 8.9 | 1010 
34 0.358 19.9 | 10.0 9.9 1011 


The analyses of Figs. 4 and 5 are recorded in Tables 4 and 5, respec- 
tively. The extent of the are of maximum intensity in each case is 
measured from the left horizontal radius of the film, as is shown in Fig. 9, 
According to the previous explanation, the maximum corresponds to the 
orientation at which the planes giving that reflection are concentrated. 
In testing the twinning hypothesis, we may well consider two cases; 
simple twinning and multiple twinning. The relationship between the 
two becomes apparent after a brief consideration of the twinning hypo- 
thesis, but perhaps we can do no better than to quote Dr. Mathewson 
in this connection:” “The first, or primary, twinning may set up 6 new 
orientations. Hach of these new orientations may then undergo a 
secondary twinning, which will account for 36 additional orientations, of 
which 6 merely represent a return to original conditions. There are 
thus 30 + 60 + 1 orientations possible after secondary twinning. The 
third twinning stage will produce 150 additional orientations, and a 
fourth twinning stage 750. After 7 stages of twinning, if such is possible, 
we may have over 100,000 new orientations. All of these must be 


; : 
” Correspondence with the authors. 
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arranged according to hexagonal symmetry, but they do in effect repre- 


sent something very close to random orientation.” 


TABLE 4.—Spectrogram of 13-mil Ductile Zinc, X-ray Beam Glancing the 
Surface of Metal at Five-degree Angle, Parallel to Direction of Rolling 


Distance from Specimen to Film, 70 Mm. 


TT OO 


Radial Tangent Angle Ag Possible Angles of 
ae eae etten, | nent | Mesteom | ian 
m. eams Degrees Se Degregp Degrees : 
21 0.299 16.6 | 8.3 8.3 83-100 0001 (2) 
24 0.348 LoeO se ORor- ne oR, Complete 1010 
are 
31 0.441 26.0 13.0 12.3 8i/—Lod 1012 
41 0.585 30.2 | Lit IGSS AGS Almost 0001 (3) 
| complete 1120 
are 


TABLE 5.—Spectrogram of 13-mil Ductile Zinc, X-ray Beam Glancing the 
Surface of Metal at Five-degree Angle, Perpendicular to Direction of Rolling 


Distance from Specimen to Film, 70 Mm. 


Angle 


Radial Tangent ee apices Possible Angles of 
Distance of Angle between Redaction Angle of Maximum Planes 
ee sy eee | Bene, 
21 0.299 [60 88 8.3 Bielis 0001 (2) 
24 0.343 19.0 | 9.5 8.9 40-135 1010 
31 0.441 26.0 13.0 12.3 25-145 1012 
41 0.585 30.2 Nauk oe 4 156 Almost 0001 (3) 
| complete 1120 
| arc 


TaBLE 6.—Spectrogram of 4-mil Ductile Zinc, X-ray Beam Penetrating 
Specimen 
Distance from Specimen to Film, 95 Mm. 


Direction of Rolling Vertical. 


Radial ay t Angle Possible 
(Distance of Angle between et ee er of 
5 4 ‘ H eflection, 
of ae oes ipeeecer Degrees Degrees 
14 0.148 S20 4.2 
to to to | to 8.3 | 
28 0.296 1665s ay | 28.8 | 
31 0.326 18.0 9.0 8.9 
34 0.358 19.9 9.9 9.9 
43 0.453 24.5 WAP 12.3 


Planes 


OOOL (2) 


1010 
1011 
1012 


ee III ———————EE—— EEE 
If simple twinning had occurred, a fourfold symmetry of the basal 


ares would be evident. 


But although there were basal planes favorably 
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disposed to show this twinning, fourfold symmetry is lacking from the 
second-order reflections, both in the direction of rolling and in a trans- 
verse direction. In Fig. 5, the result of establishing fourfold symmetry 
in the second-order reflections would have been an are showing nearly 
uniform intensity, because of an overlapping of maxima. If multiple 
twinning had occurred, the are would show uniform intensity as a result 
of random orientation. It is true that the third-order reflection is of 
almost even intensity, but this are is formed by reflection from two planes, 
which serves to decrease its importance. From the second-order reflec- 
tion, therefore, it is clear that a concentration of the basal planes occurs 
but at one place, and not at two or more as is required by the twinning 
hypothesis, so that we may conclude that twinning as a result of plastic 
deformation is negligible in the 13-mil zine strip. 


Film 


Arc of Maximum 


tensity 


Horizontal 
Diameter 


Sma ll Angle 
Large Angle 


Fic. 9.—MeEruop or MEASURING ARC OF MAXIMUM INTENSITY. 


The penetrating-ray picture of the 4-mil specimen (Fig. 6) shows 
twofold symmetry. The analysis of this film in Table 6, which applies 
to the top half only, by reference to Table 1, shows that there are basal 
planes making both large and small angles with the surface both in the 
direction of rolling and in a transverse direction. The analysis also 
shows that there are basal planes present which satisfy the requirement 
for reflection from the twinned basal planes, were any present. 

But again no evidence of twinning is found. The photographs 
obtained with the 5° glancing beam, shown in Figs. 7 and 8, are analyzed 
in Tables 7 and 8. Fig. 7 shows no basal reflection. Fig. 8 shows a 
decided maximum in the second-order basal reflection, but fourfold sym- 
metry 1s not visible. The results of the 4-mil specimen are readily to be 
interpreted on the basis that the basal planes are arranged about a 
direction parallel to rolling, so that they make angles of 22° to 48° with 
respect to the surface, and in a transverse direction, so that they make 
angles less than 8° with respect to the surface. In addition, if the 
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hexagonal axes of these planes in the direction of rolling are rotated 
nearly into the direction of tension, a maximum reflection from the 1011 
plane would be expected. This is obtained, as is shown in Fig. 8 and 
Table 8. 

As soon as this lattice arrangement was known, it was predicted that 
this strip would be strong and comparatively brittle in a transverse 
direction, and weak and comparatively ductile in a longitudinal direction. 
Subsequent tests verified the prediction completely." 

In conclusion, it can be said that no evidence of twinning has been 
found in either of the polycrystalline zine strips subjected to plastic 
deformation. On the other hand, the results agree with the classical 
theory. 


TaBLE 7.—Spectrogram of 4-mil Ductile Zinc, X-ray Beam Glancing the 
Surface of Metal at Five-degree Angle, Parallel to Direction of Rolling 


Distance from Specimen to Film, 75 Mm. 


7 
Radial | Tangent | Angle Angle of | Possible Angles of 

Disieece | - nae | ponween pedectioaeal ee Herter es Elenaee 
of Spot, | etween eams, Degrees’ | Reflection, ntensity, 
Mm. | Beams Degrees Degrees | Degrees 

| 
27 0.360 19.9 9.9 | 9.9 On left 1011 
a] — | = 
35 0.466 MSN, Peay 1223) 9 1012 
47 , 0.626 32.0 18.0 | es 1122 


TaBLE 8.—Spectrogram of 4-mil Ductile Zinc, X-ray Beam Glancing the 
Surface of Metal at Five-degree Angle, Perpendicular to Direction of Rolling 
Distance from Specimen to Film, 75 Mim. 


Radial | Tangent Angle encletoe poe | ginsies of 
DeSean | between | Beame, | Reflection, | penection, | Intensity, Planes 
Mm. - Beams Degrees ere Degrees | Degrees 
22 0.293 eS oeres ee, ai) =:88 | 42-68 0001 (2) 
24 0.320 1768 2829 8.9. | 1010 
27 0.360 19.9 | 9.9 9.9 70-122 1011 
35 | 0.466 | PAV} W250 1203 80-100 1012 
47 0.626 BRAD) 16.0 1556 | 0001 (3) 
1120 


a EE ———————————e 
Srupy OF SINGLE-CRYSTAL ZINC 


The crystal used in this study was about 1 mm. in diameter and 50 
mm. long, grown from the melt by the Czochralski method. It was 
stretched by simple tension, first into a flat ribbon of elliptical cross- 
section, and then into an after-elongation thread of circular cross-section. 


13 See also C. H. Mathewson and A. J. Phillips: Loc. ctt. 
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Bottom 


Fra. 10.—PHOTOMICROGRAPH OF DEFORMED ZINC CRYSTAL. 
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The surface appearance of this crystal at the junction of the ribbon and 
thread is given in Fig. 10. X-ray photographs were taken of this crystal 
at various places along the length with the rays penetrating the specimen. 
The preservation of the regular atomic arrangement is evidence of simple 
atomic displacements required by the classical theory. These photo- 
graphs show, even in the after-elongation thread, a remarkable preserva- 
tion of this regularity. (See Table 2.) 


g 


@ 1122 


© 


Fia. 11.—RriBBoN OF DEFORMED ZINC SINGLE CRYSTAL—lI. 


Two spectrograms were made of the ribbon section of the deformed 
crystal. Fig. 11 shows the pattern obtained by the monochromatic 
pinhole method at a point one-half inch from the thread. Fig. 12 shows 
that obtained by the Laue method quite close to the thread. 

The readings obtained from Fig. 11 are tabulated in Table 9, the spots 
of the photograph being numbered to correspond to the lines of the table. 
In this experiment the zinc crystal was clamped in the vertical as 
in the path of the X-ray beam, so that the crystal made an angle of 85 
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with respect to the beam. The after-elongation thread was at the top. 
The film was perpendicular to the X-ray beam (Tig. 13). The direction 
of the crystal is shown by the shadow across the light square in the center, 
below the circular image of the shield. This shield consisted of a lead 
button hung in front of the film to prevent the primary beam from reach- 
ing the film and producing fog. Such protection of the film was necessary 


Ita. 12.—RiIBBON OF DEFORMED ZINC SINGLE CRYSTAL—II. 


in all of these experiments because the beam of X-rays was actually wider 
than the crystal. 

The determination of the positions of the spots in such a spectrogram 
presents great difficulty because the spots are elongated into fourth-order 
bands. ‘The position of maximum intensity of each band was the one 
chosen for the true position of the spot. Spots 9, 15, 16 and 18, lying 
as they do in different directions throughout the specimen, were used to 
determine the position of the hexagonal axis; but to fix uniquely the 
position of the elementary prism in space, in addition to the location of 
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the hexagonal axis, the amount of rotation of the prism and the direction 
of the axis about which this rotation has occurred must be specified 


Fig. 13.—RELATIVE POSITION OF CRYSTAL, BEAM AND FILM IN Figs. 11 anp 20. 


with reference to some standard position. The position considered as 
standard is that in which the trigonal axis and the X-ray beam are parallel. 


Direction of 
Specimen 


Rotation 


Fig. 14.—Drrection oF HEXAGONAL fF ia. 15.—ROTATION OF PRISM OF Fig. 11. 
Axis oF Fia. 11. , 


As shown in Fig. 14, the hexagonal axis forms an angle of about 8° with 
respect to the long axis of the specimen. From the position of the pyra- 


258 X-RAY ANALYSIS OF PLASTIC DEFORMATION OF ZINC 


midal and prismatic planes, as shown by various spots, it is possible to 
calculate the axis of rotation and the amount of rotation of the hexagonal 


prism with respect to the direction of the specimen. The result is shown 


vectorially in Fig. 15, in which the vector points in the direction of 
counter-clockwise rotation. A correction for the 5° rotation of the 
erystal from the perpendicular direction with respect to the X-ray 
beam has been applied. The single rotation of the prism is therefore 
16° about an axis inclined —32° relative to the axis of the specimen as 
shown in Fig. 15. 

In the Laue pattern (Fig. 12) the specimen was in a horizontal posi- 
tion, as the film shows. The after-elongation thread was at the right. 
Although the specimen was revolved about an axis almost parallel to the 
X-ray beam, no rotation about an axis normal to the beam was experi- 
enced. The specimen was mounted with a piece of hard plasticine on a 
brass plate fixed with respect to the X-ray beam. Through a hole in 
the plate, the rays were allowed to strike the specimen, as shown in Fig. 
13. No deformation of the plasticine was caused by the shift in position 
of the specimen. Therefore the angles of rotation of the prisms, as given 
by the experiments, may be directly compared. 


TaBLE 9.—Monochromatic Pinhole Spectrogram of Single-crystal Zine, 
Plastically Deformed into Elliptical Ribbon by Simple Tension 


Distance from Specimen to Film, 95 Mm. 


ae hae Tengen’ Angle | Angle of 
oPet. De oF Angle 4 siti | Reflection, | Planes 
Mm. Beams Degrees Degrees 
1 Li |. Of oSeeeOnt ea 
2 32 “B37 ai SeG 9.3 1010 
3 | 44 463 24.8 12.4 1012 
4 53 558 1 202 14.6 1120 
5 | 55 580 =4-<30.4 15.0 1120 
6 | 61 643 eer 16.4 
7 67 | P(0D ao oES 17.6 1122 
8 70 737 36.4 ieee 
9 15 | 158-1 9.0 4.5 
10 | 34 LOO Sa LOR? 9.8 1011 
11 | 42 442 23.8 11.9 1012 
12 | 40 421 22.8 11.4 1012 
18 56 .590 | 30.5 15.3 1120 
14 43 452 24.3 172 1012 
15 | 34 358 19.7 9.8 1011 
16 29 305 17.8 8.9 
17 | 45 474 25.4 {mi 87 1012 
18 49 516 27.3 13.6 1120 
19 | 60 632 32.3 | 16.2 
OO ee ee 
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In this case some of the planes are seen to be distorted, from the forma- 
tion of characteristic fourth-order bands, as has been previously shown in 
the literature. !4 

For the interpretation of the Laue pattern, employing as it does a 
beam of multiple wave lengths, some sort of projection is advisable. The 
gnomonic projection'® has been employed in the present analysis. 

Although the distance from the specimen to the film in all of these 
photographs was 95 mm., the suggestion of Wyckoff has been followed 
and the projections have all been constructed so that the plane of pro- 


Fie. 16.—GNOMONIC PROJECTION PLOT OBTAINED WITH RAY PARALLEL TO TRIGONAL 
AXIS. : 
jection is 50 mm. from the specimen. Accordingly, if the X-ray beam 
had traversed the specimen parallel with the trigonal axis, the gnomonic¢ 
projection would have appeared as in Fig. 16, with the length of the sides 
being 107.1 mm. and the smaller angles 60° as shown. pine gnomonic 
projection actually obtained is shown in Fig. Iv. Considering the 
difficulty involved in placing the spots by estimation of the positions of 
maximum intensities in lines, it is thought that the points plotted agree 
with the indices assigned very well. The points on the projection are 


14 J. Leonhardt: Die Deutung der Lauediagramme deformierter Kristalle. Ztschr. 


f. Krist. (1925) 61, 100. 
16 R, W. G. Wyckoff: The Structure of Crystals, 123. Chem. Cat. Co., Inc., 1924. 
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numbered in the circles to correspond with the spots as numbered on 
the photograph. 


f 


° : 
Specimen 


Fia. 18.—DrirEcTION OF HEXAGONAL AXIS OF Fie. 12. 
Since. the projection of the normal of the 1121 plane on the basal 


plane coincides with the hexagonal axis, spots 1 and 15 were used to 
calculate the angle between the hexagonal axis and the long axis of the 
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specimen. As shown in Fig. 18, this angle is 9°. The rotation of the 
elementary prism from a position of true parallelism between the X-ray 
beam and the trigonal axis is shown vectorially in Fig. 19, as a rotation of 
12.5° about an axis of —14° to the axis of the specimen. The vectors 
have the same sense as in Fig. 15. A correction for the angle of 85° 
between the specimen and the X-ray beam has been applied (Fig. 13). 

These results, tried out with a model of the hexagonal lattice, give a 
confirmation of the classical theory of the deformation of these crystals. 
To make such a test easier, the necessary data have been collected in 
Table 10. It will be noticed that the data indicate a rotation of the 
basal planes more into the plane of the surface ‘of the specimen as the 
point of necking down is approached. At this stage of deformation, 


Axis of Rotatien 


Direction of 


Specimen 


Fig. 19.—RorTaTIon OF PRISM OF Fia. 12. 


the crystal does not show the fragmentation which would be a necessary 
consequence of the twinning theory. 

Another interesting fact is brought out by an inspection of Fig. 12. 
Spot 8 represents a 1101 plane, the normal of which is almost perpendic- 
ular to the longitudinal axis of the crystal. During plastic deformation, 
this plane has evidently been deformed very little. Spots 1 and 15 
represent pyramidal planes lying in the general direction of the axis. 
The appearance of the bands shows that both of these planes have been 
warped. This is what would be expected on the basis of the classical 
theory for it would be impossible to produce the slipping and rotation of 
the basal planes, as postulated, without at the same time causing drastic 
changes in the atomic arrangement along the 1121 direction. 

One photograph was taken of the after-elongation thread, by the 
Laue method (Fig. 20). An attempt was made with the -gnomonic 
projection to solve this photograph, giving the results shown in Fig. 21. 
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Fig. 22 shows the hexagonal axis of the crystal to be inclined 43° with 
respect to the wire axis. Fig. 23 shows the single rotation of the elemen- 
tary prisms to be 15° about an axis inclined —15° with respect to the wire 
axis from the position in which the X-ray beam would be parallel to the 
trigonal axis. It is probable that this amount of rotation is only an 
approximate value which is approached by certain sections of the after- 


Ta 90 — Sat AO rom 
Fie. 20. APTER-ELONGATION THREAD OF DEFORMED ZINC SINGLE CRYSTAL 


elongation thread, since planes so severely d 


ngati istorted must vary in orien- 
tation from point to point. 


In Fig. 18, it was shown that the hexagonal axis was inclined 9° to the 
axis of the crystal at a point just before the after-elongation thiresta: 
Fig. 22 shows that the angle of inclination has increased to 43°. This 
represents a rotation of 34°. Rough measurements on Fig. 10 with 2 
protractor showed that the change in this angle was 30°. This difference 
is probably within the limit of the experimental error of the two ehethride 
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employed to get these results. The same face of the crystal was probably 
turned toward the source of illumination in both cases, as the zine ribbon 
had a flat side which caused the crystal to assume that position. 

The planes recorded in Fig. 20 are all considerably distorted, but 
nevertheless the tendency to retain the single-erystal formation is evi- 
dent. In fact, this spectrogram is our best evidence on this point and 
proves conclusively that the lattice of the after-elongation thread is in a 
very well preserved condition. It also shows the extent of the departure 


al 
t 


Fig. 21.—PartT OF THE GNOMONIC PROJECTION OF Fic. 20. 


from perfect crystallinity. If the condition approached that of random 
orientation, the multi-wave length X-rays used in the Laue method would 
produce a rather general fog instead of the well defined spots and bands. 
Furthermore, it is evident that this crystal has about reached the limit 
of deformation commensurate with the retention of ‘its single-crystal 
structure. This is evident from the tendency of certain of the spots to 
form ares of circles. The planes showing this effect are usually planes 
of fairly high index and are indicated on the gnomonie projection by F. 
Their distribution about the film in a fairly regular manner probably 
denotes a preferred orientation. Here, then, it is quite likely that 
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mechanical twinning in the sense of Mathewson and Phillips, or of one 
of the present authors,!® has occurred. The investigation of the after- 
elongation thread is being pursued further at the Research Laboratory. 
The X-ray evidence presented here confirms the theory that tensile 
extension of zinc single crystals occurs by basal slip accompanied by 


Direction of 
Specimen 


Direction of 
Specimen 

Hexagonal 

Axis 


Axis of Rotation 


Fig. 22.—DIRECTION OF HEXAGONAL AXIS OF Fig. 23.—ROTATION OF PRISM 
Fie. 20. oF Fia. 20. 


tilting and rotation. This movement produces warping in other lattice 
planes in the line of slippage. There is no evidence of twinning or of 
fragmentation which produces random orientation until after very con- 
siderable extension of the crystal has occurred. 


SrupDY OF THE CLEAVAGE Faces or Zinc CRYSTALS 


The last stage of the work consisted in taking X-ray patterns of the 
cleavage faces of fractured single-crystal specimens of zinc. One of the 
samples was the one supplied by Professor Mathewson and was about 
0.5 in. wide by 20 mils thick. It was pulled apart by clamping one end in 
a vise and pulling on the other end with a pair of pliers. The second 
specimen was prepared in the laboratory in the way used for our other 
crystals. It was broken by two persons gripping the ends in pliers and 
pulling until fracture occurred. In both cases typical cleavages were 
obtained. X-ray patterns were obtained of these cleavage faces by 
means of a grazing beam, as is shown in Fig. 24. The specimen 


16See the 1927 A. I. M. E. papers referred to above. (The latter as shown in 
Fig. 9 of the discussion.) 
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was mounted so that the cleavage surface formed as nearly as possible an 
angle of 17° or 8° respectively with respect totheincident beam. This pos- 
ition was used because it is the correct one for basal reflection and furnishes 
a test of the presence of basal planes in the cleavage surface. This, it may 
be recalled, would confirm the correctness of the twinning hypothesis. The 
cleavage surface, however, was not a true plane and this allowed part of 
the surface to come into proper relationship with the X-ray beam to 
produce reflection from the prismatic planes, should they lie in the sur- 
face. If either reflection were absent, we would have evidence that that 
plane did not lie in the plane of the fracture. 

The patterns obtained are shown in Figs. 25 and 26, which represent 
the results on Professor Mathewson’s crystal and on our own, respec- 
tively. The photographs of the cleavage faces are compared, in each case, 
with the pattern from zinc powder, in order that a comparison of the 


Fic. 24.—EXAMINATION OF CLEAVAGE SURFACE OF ZINC SINGLE CRYSTAL. 


intensities of the lines with the theoretical intensities may be more easily 
obtained. Any deviation of the observed intensities from the values 
furnished by random orientation indicates a preferred orientation. That 
such preferred orientations were obtained is at once evident from an 
inspection of the figures, or of Tables 11 and 12, in which the readings of 
the films are tabulated. These intensities are recorded in arbitrary 
units, using the intensity of the brightest line as 10. The intensities of 
the other lines are then estimated by comparison with this line as a 
standard. Many more lines appear on the films than are recorded in 
the tables, but only those lines which appear on the film in Fig. 25 with 
sufficient strength for our present purposes have been used. These 
reflections are commonly those from the basal and prismatic planes. 
That these lines are not complete in the fracture spectrograms is not 
significant, since the cleavage surfaces experimented with were so small 
that the lines must necessarily be short. 

The surface markings on Professor Mathewson’s crystal were similar 
to those described in Mathewson and Phillips’ paper. The first two 
attempts to fracture this crystal resulted in tears and it was not until 
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the third attempt that a clearly defined surface was obtained. This 
indicates that twisting and bending, as well as tension, have acted on 
this crystal, as a rather complicated stress system. For example, on the 
inside of a bend, there is compression, and on the outside, there is tension. 
Here, then, twinning is to be expected and its presence is shown by lines 
from sets of planes which cannot be reconciled to any orientation of a 
single crystal. Table 11 gives some evidence of this effect, inasmuch as 
the reflections from the 0001 (4) and the 1010 , (2) planes are especially 
intense. Furthermore, in accordance with the manner in which the 
crystal was mounted, these planes lie in, or very nearly in, the cleavage 
surface. An inspection of the model of the hexagonal lattice shows that 
it is impossible to secure reflections simultaneously from the basal plane 
and the prismatic plane of a (virgin) single crystal. Therefore, in 
this case, it seems logical to assume twinning to account for the 
reflections shown. 

The strains which produce bending in the crystal can be diminished 
or eliminated altogether by (1) eliminating stresses which have com- 
ponents in directions perpendicular to the direction of tension, or (2) by 
decreasing the cross-section of the crystal, leaving the length the same. 
The conditions under which these cleavages were produced were the 
same regarding (1) in so far as the technique would permit. Any differ- 
ence noted in the spectrograms of the two crystals is in all probability 
due to the fact that the crystals produced in this laboratory are much 
smaller in cross-sectional area than those produced by Professor Mathew- 
son. Bending moments are consequently much reduced and the cleavage 
surface of a small crystal represents more nearly a condition obtained 
with simple tension. 

An inspection of Fig. 26 and Table 12 shows that the spectrogram of 
the fracture of the small crystal grown in this laboratory is much simpler 
than that of the larger crystal. The only prominent reflection is that of 
the prismatic plane, which shows that it is almost exclusively the plane 
which lies in the plane of the fracture. The presence of many lines of 
low intensity in Fig. 25, of the larger crystal, makes it seem very probable 
that the complex forces exerted on the atoms of such a crystal have pro- 
duced some fragmentation, so that the cleavage surface is made up of a 
large crystal interspersed with a few smaller ones approaching random 
orientation. The very simple nature of the spectrogram of the smaller 
crystal shows such effects to be negligible. It would hardly be expected 
that Laue photographs of Professor Mathewson’s crystals, after they 
have been subjected to plastic deformation in the manner described, 
would show such a persistence of the single-crystal condition as 1S shown 
in Figs. 12 and 20. Such photographs would be very interesting. 

Finally, it may be said that when zine crystals are subjected either to 
very severe elongation or to stresses having components in several direc- 
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TaBLE 10.—Analy sis of Positions of Elementary Prisms in Two Positions of 
Plastically Deformed Ribbon of Zine Single Crystal 


Point Far from | Point Near Point 


Point of Neck- of Necking 
ing Down, Down, 
Degrees Degrees 
Angle between hexagonal axis and direction of speci- 
Ae a A i RP OR OTT TT ee MEME od oh 8 9 
Amount of rotation of prisms from parallelism with 
trigonal axis and X-ray beam................... 16 12.5 
Angle between axis of rotation and direction of speci- 
MOD iiss Pirsede steel ais Us Oude Dae + Sin tad ARS —32 —14 


TaBLE 11.—Spectrogram of Cleavage Surface 
Dr. Mathewson 


of Zine Crystal Grown by 


Intensity of Reflection pea 
F ngle between 
Feel Mae AM, sags Tae pene 
Control Fracture 
2.47 0001 (2) 9 10 8.3 
2.31 1010 9 if 8.9 
1.237 0001 (4) 4 10 16.8 
1.155 1010 (2) 2 9 18.0 
1.124 2021 8 6 18.4 
0.860 2131 8 6 24.6 
0.845 1012 (2) 1 5 25.0 
0.824 0001 (6) 4 5 25.6 
2132 A 
0.772 2133 3 27.4 
1010 (3) 
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TABLE 12.—Spectrogram of Cleavage Surface of Zine Crystal Grown from 


Melt 
— ee ae ee 
Intensity of Reflection 
Sic oe ada Blane — prose Le haxe 
ngstrom Units Zine Filings Zine Bic rece tie 
Control Fracture 
2.47 0001 (2) 9 1 8.3 
2.31 1010 9 10 8.9 
1.237 0001 (4) 4 0 16.8 
Wilts) 1010 (2) 2 0 18.0 
1.124 2021 8 1 18.4 
0.860 2131 6 0 24.6 
0.845 1012 (2) il 0 25.0 
0.824 0001 (6) 4 0 25.6 
2132 
0.772 2133 5 0 27.4 
1010 (3) 
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tions, twinning and fragmentation occur. But zine crystals subjected to 
unidirectional stress, persist in the single-crystal condition even though 
the elongation may reach large amounts. In this case the twinning hypo- 
thesis is untenable and the classical theory must be accepted. 


SUMMARY 


1. Cold rolling of polycrystalline zine strip causes rearrangement of 
the zine crystals in accordance with the classical theory of plastic deforma- 
tion. There is no evidence of twinning. 

2. Extension of slender zine single-crystal specimens causes rearrange- 
ment of the basal planes in accordance with the classical theory. The 
single-crystal structure tends to be preserved. 

3. The formation of the after-elongation thread is accompanied by 
severe lattice deformation which promotes twinning and fragmentation. 
The single-crystal structure, however, appears very permanent. 

4. The fracture of a thick zine crystal occurs as depicted by the 
Mathewson-Phillips hypothesis. Twinning is present. The fracture of 
slender zine crystals under simple tension is prismatic. Twinning is 
absent. é 


DISCUSSION 


L. W. McKsrruan, New Haven, Conn.—A trivial correction should be made to the 
quotation of the axial ratio of zinc from Wyckoff. His figures give the value 1.862, 
and these figures are taken from the work of Peirce, Anderson and Van Dyck, which 
is also quoted here. I have pointed out in previous discussions that the figure 1.86 
is only an approximation. 

The argument beginning on page 243 in regard to the angles that planes in the 
original and twinned crystals make with the X-ray beam and with the surface is, 
I think, hard for most people to follow. It was very difficult for me, and I had to 
reinforce my notion of what the authors meant by drawing a diagram (Fig. 27). The 
X-ray beam appears in the center of the picture, so that the distribution of spots on 
the diagram that is obtained will be in a plane parallel to the plane of the picture. 
If a basal plane has its pole B at the right in position to reflect, that is, if the angle 
XB is 81.1°, the spot will appear farther out on the right. If twinning on the 
Mathewson-Phillips theory takes place, the new basal plane will be at 94° (nearly) 
from this basal plane, and if it also is to reflect, its pole must le on the same broken 
circle on which B lies. The circle of 94° radius about B appears on this diagram as an 
almost straight line near the center of the figure. All the twinned basal planes will 
have their poles on this line, no matter what the position of the original crystal with 
respect to its trigonal axis B, and the pole of the one twinned basal plane that reflects 
is marked B’. These two crystals have a common axis, one of the three axes of the 
hexagonal set. It is, however, a digonal axis, and is marked D and D’ at the same 
point near the center of the diagram. 

The authors make an error, I believe, in stating that the angle between X and D 
is 8.3°; examination of the diagram, or a calculation, will make it nearer 12°. They 
also say that the structure can be turned in either direction about the normal to the 
twinned basal plane, i. e., about B’, without changing X D, This, I think you will see 


from the diagram, cannot be true. 


. 
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There is a trivial error committed in calling the axis D the “hexagonal” axis. 
It is one of the three axes used in the hexagonal system, but none of them, in this 
case, is an axis of hexagonal symmetry. The trigonal axis is the one perpendicular 
to the basal planes and there are two digonal axes at 120° to each other in the basal 
plane. These three are customarily used for reference, the third digonal axis in 
the basal plane being neglected. . 

The argument in regard to the pyramidal planes of the form {1122} seems also to 
be out of line with the evidence. If we mark the positions of the normals to these 
pyramidal planes in the diagram, they lie on a circle at a distance of 61.8° from the 
point B. These points are marked C. They not only fall on this cirele but at 
definite positions on it. In the twin crystal the corresponding positions are marked 


Fig. 27, 


C’, and inspection shows that no one of these pyramidal planes (these are all there 
are) is in position to reflect the X-rays. To reflect X-rays the poles of such planes 
must lie on the broken are in the upper right of the figure. This are is of some- 
what smaller radius than in the case of basal planes. So I conclude that reflection 
in both pyramidal planes and basal planes in the twin would be impossible. 

In Table 1, and later throughout the paper, there is a mistake in the ascription of 
one possible reflection to the third-order reflection from the basal planes. The first 
third, and all odd orders of reflection from these planes are extinguished. The proper 
entry in each case should be 1013. The corresponding angle, which should appear in 
oe ae Table 1, is 35.6°, not zero. The 1120 plane makes with the 

asal plane an angle of 90°, of course. re J i 
ici ETN Eee ne rte There is one pyramidal plane of the second 
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The argument immediately below Table 1, I need not criticize in detail, but there 
is a mistake in the angles; 78.5° and 127.5° should be, respectively, 74.5° and 131.1°. 

The use of the term “fourth-order bands” in describing the streaky appearance 
obtained when the crystal planes are much bent and distorted is, I think, unfortunate, 
because we are also dealing with first, second, third and fourth-order reflections from 
planes of different sorts, and the term might just as well have been translated as 
“curves of the fourth degree,”’ keeping the term “order” for the ordinary order of 
X-ray reflection. 

Figs. 3 to 8 do, of course, give some evidence for preferred orientation of the 
crystal assemblies to which they belong, but the reproductions, at least, are not 
sufficiently definite to make sure of the preferred orientation, even when supplemented 
by the numbers in the tables. There is some degree of orientation, but just what it is 
has not been completely analyzed. ies Flacco 

The difference in the two sides of Fig. 8 favor a view held by Schmid and Wasser- 
man with regard to the drawing and rolling of copper, and also some results of Prof. 
G. L. Clark’s on rolled sheet. The two halves of the sheet, corresponding to the 
halves of the pattern in the direction of rolling and in the opposite direction are not 
necessarily the same. This is probably due to the fact that the stresses at the point 
where the reduction in thickness is taking place are not symmetrical about the line 
of contact of the rolls. : 

The monochromatic photograph, so-called, shown in Fig. 11 and analyzed farther 
along in the paper, is not a monochromatic photograph at all, and this can be proved 
directly from the appearance of the photograph itself. It is a Laue photograph. 
Table 9 shows the same thing, because some of the spots are nearer the center than is 
possible if they are due to any monochromatic radiation from molybdenum, and so 
much nearer that there must be waves present with wave lengths of about 0.4 Ang- 
strom units. This shows a range of wave lengths of practically an octave, even if 
there are no longer waves than those supposed to constitute the whole radiation in 
the beam. What is taken for monochromatic light is far from being so. The 
same thing is seen in Table 3, where the minimum angle is 3.6°. The indexing of 
the spots on Fig. 11 has been in error because of the assumption that monochro- 
matic light was being used. This is evident in another way. 

If we look at the spots which have the indices 1120 we still find three of them. 
These are prism planes of the second kind and there are just three such planes in the 
whole crystal. The three spots due to these planes must lie (this being a single crystal) 
on an ellipse—nearly a circle—passing through the center. These three spots here 
form a triangle which includes the center, so no such ellipse can be found. The 
indices are therefore wrong. Another plane of the same zone is 1010 (spot 2), and 
that also cannot lie as it should on the same ellipse with the three just mentioned. 
Tf it had been recognized as a Laue photograph, of course, much higher indices would 
have been ascribed to many of the spots. 

When we come to the Laue photograph (the admitted Laue photograph) which 1s 
projected in Fig. 17, the projection is, I think, consistent with the data except for one 
thing. The spot at the upper right-hand corner, marked 11.1 would appear, if it had 
these indices, at the intersection just above spot 20 at the top of the figure. The 
indices for the position marked would be 21.1. aes 

The Laue photograph, however, has not been checked; at leasti f it has been the 
evidence has not been given. The only way a Laue photograph can be made of real 
value is to ascribe a wave length to each of its spots, calculated, of course, from the 
position of the spot and from the spacing of the planes to which it has been ascribed. 
Having thus ascribed a wave length to each of the spots on the photograph, find out, 
whether that wave length is probably present in the origimal X-ray beam. If every 
spot satisfies this test the Laue photograph may have been correctly marked. 


% 
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In Fig. 21 there have been two mistakes in marking indices. The spot marked 
53.5 would be marked 58.5 according to its position. The spot 56.3 would be 46.3. 
As long as indices are being ascribed, I am surprised that the authors did not give the 
very simple indices 01.1 and 01.1 to the two streaks which appear right and left on the 
third line from the top of the diagram. The asterism here shown is quite characteristic 
of very much deformed metal crystals. 

I wish to make a major objection to the technique described in the study of cleay- 
age planes. The crystals were set in one position and the reflections taken. That is 
hardly fair because if the position is not exactly right the relative intensity of reflection 
from the different sorts of plane which may lie near the surface is much affected by any 
error in setting. What should be done in such a study is to rotate the specimen 
through an angle which includes the angles under investigation, both of them. In 
this case the crystals should have been rotated so that the angle of reflection ran from 
5° to 15°. The intensity of the lines of such a diagram could properly be compared to 
tell which of the two planes in question lay approximately parallel to the surface. 

I have assumed throughout this discussion that molybdenum K-radiation was 
used. There is no statement to that effect and it would be better if there were. 


C. H. Marurewson, New Haven, Conn., (written discussion).—This paper sets 
the so-called classical theory of deformation as described by Polanyi and his associ- 
ates in opposition to a so-called twinning theory derived from Mathewson and Phillips 
and seeks to prove that the latter does not apply in rolling polycrystalline zine or in 
stretching small single crystals. 

The classical theory resulted from a brilliant set of experiments in which basal 
slip was recognized as the predominating cause of ductility in single-crystal wires and 
by analogy in crystal aggregates. Mathewson and Phillips demonstrated the nature 
of twinning in zine and pointed out its significance in the general process of deforma- 
tion.” The two theories, if we use this term to designate the two kinds of crystal 
movement or alteration recognized and rather elaborately described in these papers, 
constitute the tools thus far made available for studying any particular deformational 
process in zinc. In my opinion they are mutually compatible and support one another 
in furnishing a complete and plausible explanation of commonplace but complicated 
deformational processes such as the progressive change by current rolling-mill methods 
from coarse-grained cast zine of substantially random orientation to fine-grained 
ductile strip in which pronounced selective orientation is apparent. 

Twinning cannot of itself elongate or otherwise change the shape of a crystal to 
any considerable extent. This was clearly recognized in the Mathewson and Phillips 
paper.’ Twinning produces alteration in an unfavorably orientated crystal, so that 
basal slip can occur and it has been amply shown that during such basal slip—in the 
rolling process, for example—strongly preferred orientations are set up. ; 

The polycrystalline strip used by the authors had been “rendered ductile by 
appropriate heat and mechanical treatments.’”’ The details of rolling are not given 
but, as far as I can ascertain, the criterion of ductility in rolled zine strip is preferred 
orientation of the sort that will favor further extension by basal slip when the same 
rolling process is continued. 

Twinning in the breaking down or roughing stages of the rolling process does not 
require the X-ray for identification. It is always evident on simple microscopic 
examination. If the twinned relationship cannot be recognized in the finished strip, 


17C, H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grai 
Zine. Proc. Inst. of Metals Div., A. I. M. E. (1927) 143. rer Eta 
18 Op, cit., 178. 
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as maintained by Wilson and Hoyt, it must have been obliterated by subsequent 
basal slip and rotation in the Polanyi sense. 

It is, however, not extravagant to suppose that the authors might have been 
unable to detect twinning in this strip because their method was based upon the 
observation of random orientation or fourfold symmetry in the pinhole patterns, 
denoting far-reaching regularity and perfection of the twinning process; whereas actual 
twinning under the rolling process would only occur on certain favored planes in certain 
crystals unfavorably orientated for primary basal shp, thus confusing or degrading 
the symmetry relationships. 

In this connection T. E. Kihlgren'® in an attempt tg determine the orientation of 
zine crystals by measuring the angles between twin bands, previously produced by 
bending in all possible directions in a vise, was never able to develop all of the six 
possible sets of bands. Two or three sets could be obtained with ease. Four crystals 
out of a large group gave four sets and one exceptional crystal gave five sets. The 
quoted remarks of the writer on page 250, specifying the number of orientations possible 
by multiple twinning within a single crystal, are not to be construed as direct evidence 
in the present case since they refer only to geometrical possibilities. We have thus 
far been able to detect with certainty, in large crystals strained by rolling, only three 
superimposed (multiple internal) twinnings, representing an insignificant fraction of 
the total number of orientations which would result from participation of all potential 
twinning planes. 

Wilson and Hoyt obtained their 4-mil strip by lengthening the parent 13-mil strip 
without changing the direction of rolling. No rolling details are given but the spectro- 
grams clearly indicate a coarsening of the grain which denotes hot-rolling in the 
sense that sufficient heat is developed during rolling, when the process is continuous 
and the pinches heavy, to keep the metal soft and even develop a moderately coarse 
grain. This is the ordinary method of finishing soft zine strip. It permits slip to 
continue along the favorably orientated basal planes. In my opinion, twinning 
would be largely confined to the first cold work in the rolls before the metal had 
opportunity to warm up internally. The relative amounts of twinning and slip in 
these early stages would depend on the purity of the metal, the temperature and the 
orientation of the crystals. Much more twinning would be produced by cross-rolling, 
as the crystals at the start would not be favorably orientated for slip in this direction. 
The true conditions in any case could only be determined by painstaking study of the 
process at allstages. The broad statement by the authors that there is no evidence of 
twinning in the cold rolling of polycrystalline zine strip is unwarranted because 
observations were made only at the beginning and end of a particular cold-rolling 
process applied to a particular strip in a manner calculated to produce shp without 
much twinning. Abundant evidence of twinning is on record in the photomicrographs 
on file at Palmerton, representing the structure of rolled zinc in a variety of temper 
conditions and in various stages of both the cold or hot-working processes. 

Wilson and Hoyt appear to have made a thorough examination of the slender 
single-crystal ribbon which disposes of my proposal that bending of the basal lamellas 
during slip in the Polanyi sense ought to produce twinning. On the other hand, the 
main point of my original discussion relative to structural changes during extension 
of the ribbon, namely, that twinning and secondary basal slip accounts for an after- 
elongation after exhaustion of the primary basal slip, seems unimpaired, since the 
authors conclude that twinning has occurred in this part of the ribbon. The phrase- 
ology on page 263 seems to indicate that the so-called “twinning theory ”’ would require 
a condition of random orientation in this after-elongation thread. This is quite 
different from my proposal that twinning serves to reorient the basal planes in a 


19 Master of Science Report, Yale University, 1927. 
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perfectly definite manner so as to permit slip of the prismatic form observed by 
Polanyi in the after-elongation thread. The authors’ continually emphasized point 
that the lattice of the after-elongation thread is in a “well preserved condition’ meets 
perfectly the requirements of the twinning theory as I have it in mind. 

Finally, the authors deal with cleavage faces, both of the slender crystals used by 
Hoyt in the earlier work and the more massive crystals used by Mathewson and 
Phillips, but their actual observations seem unfortunately to be confined to two 
cleavages, one in each kind of crystal, and the results in my opinion are not conclusive. 
The authors believe that the slender crystal cleavage is prismatic in spite of the 
fact that there is a certain amount of basal reflection with the crystal mounted so as 
to reflect from basal planes should they lie parallel to the surface. The twinning 
theory calls for a striated combination of basal and other (perhaps prismatic) fracture 
elements which might give rise to quite a variety of X-ray effects depending on the 
widths of the striae and their positions relative to the X-ray beam. 


W. M. Peirce, Palmerton, Pa.—I agree thoroughly with Dr. Hoyt that the X-ray 
evidence should be critically examined in the light of the microscopic evidence. We 
have been working for a good many years at the New Jersey Zine Co. Laboratory on 
rolled zine, studying its structure microscopically, and we have been using the 
presence of twinning as a means for detecting cold rolling in rolled strip. 

(Written discussion).—The first statement in the authors’ summary is that there is 
no evidence of twinning in the cold rolling of polyerystalline strip zinc. 

Cold rolling should be used.to designate rolling under such conditions that the 
internal temperature of the metal does not exceed the recrystallization temperature. 
Some care is required to meet these conditions in rolling pure zinc. 

Twinning can be readily detected in the microstructure of zinc, in fact it is one of 
the distinguishing differences between hot-rolled strip and strip which has undergone 
a moderate degree of cold rolling. Thus it appeared of interest to the writer to 
present the results of the following simple experiment carried out by J. L. Rodda in 
our laboratory. 

A piece of 0.024-in. hot-rolled Horsehead strip was given a 30-sec. anneal at 250° C., 
which is sufficient to remove twins resulting from accidental deformation during 
handling without altering the general type of structure or appreciably changing the 
physical properties. 

Fig. 28 shows the original shghtly twinned strip and Fig. 29 the unstrained structure 
after annealing. Fig. 30 shows extensive twinning after a 4 per cent. reduction in 
one pass. Fig. 31 shows the structure resulting from 75 per cent. reduction carried 
out in three passes. The center portion of the field has completely recrystallized 
on account of the heat generated in the rolling, in spite of the fact that the rolls were 
cold and the strip thin. The edge of the field has not completely recrystallized but 
shows patches of a strained structure which we attribute to the development of a 
twinned structure to a point where the original crystals and the twinned fragments 
are too small to resolve. 

The direct microscopic evidence of twinning seems to be difficult to reconcile with 
the first conclusion stated by the authors in this paper. 


A. Sr. Joun, New York, N. Y.—I noticed that in one of the slides in the presenta- 
tion of this paper, I think it was on the 4-mil piece (Fig. 6), there is a peculiar sym- 
metry indicated in the spots as they are arranged, not on the surface but in the area 
near the center. I observed this repeatedly in work I have been doing recently on the 
application of the pinhole method, and while I have not carried out the analysis of it 
to any extent, I think some reference to it in the literature has been made. I believe 


a careful consideration of the meaning of those spots will give us a considerable amount 
of information. 
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Fig. 28.—Hot-RoLLED HORSEHEAD SHOWING SLIGHT TWINNING. X 100. 
Fic. 29.—Same as Fig. 28, ANNEALED 30 sec. aT 250° C. Notwinnina. X 100. 
Fic. 30.—SaMe as Fic. 29, REDUCED 4 PER CENT. IN ONE COLD PASS. ‘I'WINNING 


GENERAL. X 100. 
Fig. 31.—SaMeE As Fic. 29, REDUCED 75 PER CENT. IN THREE PASSES ON COLD ROLLS. 


PARTLY RECRYSTALLIZED. X 100. 
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On the left-hand side, the spots are horizontal, whereas down through the left 
bottom they are coming off at various angles. On a good film, decided symmetry 
aspects can be seen there, almost like the magnetic field diagrams when iron filings are 
spread over a magnet or a group of magnets. 

It is, I believe, because the individual crystals are arranged at a particular angle 
about the beam and consequently are giving a distorted, twisted reflection of the beam 
and a twisted image of the focused part. Certain diagrammatical difficulties, which 
I prefer to leave to Mr. MeKeehan, come up with regard to the analysis of that, but I 
found a consideration of those conditions, entirely apart from what is going on around 
here, can give a very considerable amount of evidence concerning the orientation in 
the material. 

Also on that account, it is very desirable to use not monochromatic radiation but 
radiation containing all the wave lengths and consider very decidedly what is happen- 
ing down in this region where there can be none of the molybdenum characteristic 
radiation in evidence. 


L. W. McKenuan.—That subject was completely discussed by Dr. R. M. Bozorth,*° 
who corrected some earlier misapprehensions of mine. It has nothing to do with the 
distortion of crystals or with preferred orientation. 


S. L. Hoyr.—This is simply a partial reply to Professor Mathewson’s comments 
and somewhat to Mr. Peirce’s comments. Mr. Wilson and I do not take the position 
at all that twinning does not occur in zinc. We recognize that twinning does occur 
in zinc. Iam afraid that after listening to the discussion one will get the idea that 
there is some controversy on that point. 

Our point of view is more that the plastic deformation, for instance, in a zine strip 
occurs largely by slip along basal planes, very much according to the theory of Mark, 
Polanyi and Schmid, as the slipping occurs in aluminum, and so forth. 

We are willing to admit that it is accompanied by twinning, but we do not feel 
that the twinning is responsible for any major portion of the deformation, that it is 
to be regarded more as a subsidiary effect, one which if eliminated completely would 
not materially alter the aspects of the plastic deformation of zine. I am simply 
advancing that as our viewpoint and that would seem to be a very logical conclusion 
from the work which we have done. 

(Written discussion).—With Professor Mathewson’s conclusions, which he draws 
from his work on zine strip and coarse zine crystals, Iam in agreement, but this situa- 
tion is best to be understood in the light of his comment that the two views are 
mutually compatible. I had originally understood him to mean that a strain applied 
to our zine strip in a transverse direction would at once produce twinning of these 
unfavorably oriented basal planes, and permit further slip, or in other words, that 
the strip should be ductile in a transverse direction immediately after rolling. Now 
it is apparent that this is far from his thoughts, and that it would be necessary to roll 
the strip transversely, to shift the unfavorably oriented basal planes into favorable 
orientations, before the strip would have “‘transverse’’ ductility. Professor Mathew- 
son emphasizes the mechanism of producing ductility, while we stress the duc- 
tility itself. 

His final two points deal with crystals which he has not had under direct observa- 
tion, at least as far as I can infer from his discussion. I can say only that I consider 
them to be sufficiently treated in the paper and in the literature, and that the con- 
clusions drawn seem to me to be the logical ones. Possibly we do not know all we 
should know about the movements involved, and in the light of Professor Mathewson’s 


*°R. M. Bozorth: Jnl. Optical Soc. Am. (1924)9, 123-127. 
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discussion, we should certainly know more about possible twinning movements in the 
slender zine crystals. Our observations lead us to conclude that after-elongation is 
due to a shift of the slip movement from the basal planes to one set of prismatic planes, 
and our evidence is compatible with such a picture. In the literature known to me, 
Professor Mathewson stands alone in his picture of this movement and the impor- 
tance of this work to the general theory of plastic deformation would warrant a 
thorough study on his part, let me point out, of these particular crystals. After all, 
the question is what actually occurs. From the admirable work which has been done 
in his laboratory, no one is better qualified than Professor Mathewson to make such 
a study, 

From the nature of Mr. Peirce’s discussion I can see that he assumes that we 
consider our summary to be conclusions which we would apply to cold-rolling zine in 
general. What we intended to summarize there was simply our own findings in the 
limited investigation which we reported. My thanks are due to Mr. Peirce for 
enabling me to make this clear, and for supplying the information on the structure of 
rolled zine. I understand the position of Mr. Peirce to be that the importance of 
twinning here is to produce many favorable orientations of the basal planes during 
the first pass, and that later deformation comes from slip along these planes. Dr. 
Wilson and I do not feel that our work refutes this idea; in fact, from what we now 
know we are perfectly willing to accept it. 


T. A. Wrtson (written discussion).—Dr. Mec Keehan is correct in his assumption 
that Mo K radiation was used throughout in this work whenever monochromatic 
radiation is specified. The source of the rays was a water-cooled Coolidge tube with 
a molybdenum target operating under 30 ky. potential and a current of 23 ma. For 
securing sensibly monochromatic radiation, the regulation zirconia filters were used. 
Results which have been obtained in more recent work here indicate that some of 
the spots produced by the shorter wave lengths in the beam when they penetrate zinc 
specimens similar to ours may show with fairly high intensity provided they are 
not too far removed from the undeviated beam impression. Inspection of Fig. 11 
shows that a large proportion of the impressions to which indices are assigned are 
strong reflections. 

Wilson and Hoyt felt that in working with such a strongly deformed crystal as 
that shown in these figures (Figs. 11 and 21) an average orientation was all that could 
be obtained. Therefore the orientations given in the article for the different regions 
of the single-crystal specimen are averages of closely allied orientations calculated 
from a large number of spots in the respective photographs. The spots chosen for 
this purpose were the spots of large intensity. This will explain why the inconsist- 
encies pointed out by Dr. McKeehan did not appear with more definiteness in the 
deciphering of these photographs. 

Reading photographs composed of band reflections such as these always presents 
much difficulty. It was judged impossible to select any exact spot in any band as 
representing a well defined plane reflection, although the spot which was judged of 
maximum intensity was selected as nearly as possible. This will account for a differ- 
ence of opinion as to the indices of some of the planes, and for the omission of indices 
on the long spots of Fig. 21, which Dr. McKeehan would designate as 01.1 and 01.1. 

Wilson and Hoyt in employing the terms “hexagonal axis’ and ‘“four-order 
bands”’ in the sense in which they are used in this article were simply following a 
rather general custom in this field. It must be admitted that there is a chance of 
confusion in their use, however, and the terms recommended by Dr. Me Keehan are 
desirable as well as correct. 

The discussion centering around the conclusions derived from Fig. 1 shows a 
misunderstanding of the reasoning there employed. It was hoped that this reasoning 
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might be made more understandable by the omission of projections. Apparently 
the opposite result was obtained. 

I have taken the liberty of reconstructing Dr. MeKeehan’s stereographic projec- 
tion (Fig. 32), simplifying it somewhat for this present discussion by omitting the 
spots Cy’ and Cs, which will not be considered. The spots B’, D or D’, X and Cy 
have the same significance as on the original projection. Since it has been proved 
previously, by means of the projection, that there is a position of the twinned erystal 


AX/S OF 
ROTATION 


Fig. 32. 


which will allow X-ray reflection from the basal planes of both the original crystal 
and the twin, nothing more will be said about this case, exc ept a brief reference to 
the angle X D which is mentioned in the discussion. On the present construction, this 
angle seems to come closer to 13° than 12°. But the projection of this angle on the 
great circle through B’ and X is the angle XD,, which is approximately 8.3°, the 
angle which must exist between the basal plane and the X- ray beam before oa 
reflection can occur, 

It remains to be proved by means of the stereographic projection that there is a 
position of the crystal and its twin which will allow simultaneous X-ray reflection 
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from the 1122 plane of one and the basal plane of the other. This is the proposition 
stated in the original article. Since B’ is the pole of the basal plane of the twin, and 
C2 is the pole of one of the desired prismatic planes of the original crystal, the prop- 
osition will be proved if it can be shown that it is possible to orient the system so 
that simultaneous X-ray reflection can be produced from B’ and Cy. 

To do this, it is necessary to keep B’ on its broken circle, and to change the position 
of C, until it hes on its appropriate broken circle (the one of smaller radius). This 
can be done by rotating the crystal and its twin on the axis of rotation, shown in the 
stereographic projection, about 25° in the direction indicated. Point B’ moves to 
position RB’ and point C2 to RC2, the letter R merely signifying that a rotation has 
been performed. 

The angles recorded in the article were calculated direetly from a model of the zinc 
lattice. Unfortunately, in calculating the values on page 244 some errors crept in, 
and I want to thank Dr. McKeehan for noting these errors and correcting the values 
of the angles. 

The objection raised by both Dr. McKeehan and Professor Mathewson about 
the lack of rotation of the specimen during the X-ray examination of the fractured 
surfaces is best answered by the consideration at the top of page 265. The cleavage 
surfaces were not true planes, but were curved surfaces, as was shown by reflecting 
a beam of light from different sections of these surfaces. The amount of curvature 
(approximately 4°) was sufficient to have allowed reflection from both basal and 
prismatic planes had they both been present in the surfaces. 
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By F, Twyman,{ F. R. 8., anp D. M. Smiru, B. Sc., Lonpon, Ene. 


(Detroit Meeting, September, 1927) 


Part I.—QUALITATIVE SPECTRUM ANALYSIS 


TuHosb chemists (they are still greatly in the minority) who use the 
spectroscope, use it very often, and find it almost indispensable. As a 
means of detecting minute quantities of the metals it is unrivalled. A 
metal can be readily distinguished in the presence of any other element, 
compound, or mixture without the necessity of separation. The quali- 
tative analysis of the metallic constituents of a substance, which the 
spectroscope gives so easily, is a sure basis for planning a chemical analy- 
sis. As the determination of each element proceeds the purity of precipi- 
tates may be checked as often as desired. 

If, possessing these advantages, the spectroscope has been neglected 
in general chemistry, it is not surprising that it was neglected in metal- 
lurgical chemistry; for many of the impurities which are of industrial 
interest, even when they are present in a metal or alloy in small quantities, 
are not then always easily detected by the examination of their visible 
spectrum. ‘The history of the development of the art has been given in 
Bureau of Standards Sczentific Paper No, 444. 


Tue: DrVELOPMENT OF ANALYSIS BY SPECTROGRAPHY 


Fig. 1 shows, by means of photographs taken with a quartz spectro- 
graph, what a valuable region of the spectrum is excluded if one has a 
visual instrument only. Wave length 4023 is about the end of the visible 
spectrum, the region from 3800 to 1854 being invisible. It is easy to 
understand then how it is that the vigorous resuscitation of spectrum 
analysis which has commenced in the last few years has been associated 
with the use of the quartz spectrograph; notwithstanding that the most 
useful instrument for the general inorganic chemist to have at his elbow, 
after the balance, is a good visual spectrometer. } 

The revival of spectrum analysis is to be attributed chiefly to the work 
of W. N. Hartley with his co-workers, and to A. de Gramont. Hartley, 


* Published in part in Chemistry and Industry (Apr. 1, 1927); as presented here 
paper is considerably revised and contains much new and additional material. 
t Manager, Adam Hilger, Ltd., London, 
1 Numbers in parenthesis refer to bibliography and notes on page 303. 
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using the condensed spark spectra of solutions of metallic salts, first 
noted that it is not always the strongest lines of the metal which are the 
most persistent when that element is present in a substance in small and 
decreasing amounts. Already in 1882, he had investigated the propor- 
tions of certain metals which would be evidenced in compounds by the 
presence of their lines in the spectrum, and had, as a result, estimated the 
amount of beryllium contained in certain cerium compounds. 


4023 5782 


1854 3800 4600 


Fig. 1.—SPECTRA OBTAINED ON A QUARTZ SPECTROGRAPH. 


Hartley’s work was continued, also at Dublin, by Pollok and Leonard, 
and this group of workers, using a quartz spectrograph, studied a large 
number of metals. Pollok and Leonard, also using the spark spectra 
of solutions, distinguished certain lines of each particular metal by Greek 
letters, which show the degree of persistence of the spectrum line as the 
quantity of metal present was reduced (Tables 1 and 2). 


TasBLeE 1.—Pollok’s Nomenclature for the Sensitive Spectrum Lines of 
Metals in Solution as Photographed on a Hilger Quartz Spectrograph 

To distinguish briefly between the different phases of the lines, with diminishing 
concentration, use has been made of some of the letters of the Greek alphabet, with 
the following meanings: 

7—seen with the metal, but not with strong solutions. 

o—seen with strong solutions, but not with 1 per cent. solutions. 

¢—seen with 1 per cent. solutions, but not with 0.1 per cent. solutions. 

x—seen with 0.1 per cent. solutions, but not with 0.01 per cent. solutions. 

y—seen with 0.01 per cent. solutions, but not with 0.001 per cent. solutions. 

w—seen with 0.001 per cent. solutions. 


In this way Hartley and his co-workers laid the basis of an approxi- 
mate quantitative spectrum analysis which he frequently used in mineral- 
ogical and other analyses. Although it is only in rare cases that this 
method can compare with the balance, it provides a means of readily dis- 
tinguishing between a considerable percentage of a material and mere 
traces only, which is often very valuable. More important still, their 
tables render it unnecessary in hunting for a small quantity of a substance 
in a sample to look for any but the few spectrum lines known to be 


persistent. 
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TaBLE 2.—Quantitative Spectrum of Cobalt Chloride 


Wave length "Pareisteney, | -—- Wavelength =|" ereisteney 
| | 
3 es) | 
4531.1 | 4a | 3412.8 | 7¢ 
10 | 3405.3 | Sy 
4469.7 lo | 15—17 | 
4121.5 | 8¢ | 3086.9 | 6¢ 
4118.9 8o 3072.5 | 64 
12 1g—71 | 
3995.5 8o | 2694.7 Sw 
13 / 22 
3894.2 10y 2663 .6 | 8x 
3873.2 10y | 23-24 
3845.6 10¢ 2587 .2 8¢ 
14 2582.3 8x 
3502.4 8x 2580.4 8y 
3489.5 10¢ 2564.2 8¢ 
3474.1 10x 2559.5 8x 
3465.9 8o 25 
3453.6 8y 2528.7 7x 
3449.6 is 2525.1 7x 
3443.8 7 2519.0 Sw 
3443.2 7¢ 


A. de Gramont, working on the spark spectra of solids, found that the 
persistent lines (which he called ‘ Raies sensibles’’): (1) were not always 
the strongest lines in the spectrum of the pure metal; (2) are present in 
the spark, but belong to the are spectrum of the element where they are 
generally of great intensity, and (3) are generally present also in the 
spectra of very hot flames (oxyhydrogen or oxyacetylene). 

A number of A. de Gramont’s lines are shown in Table 3. 

A. de Gramont found that these conclusions hold for alloys, minerals 
and fused salts, and states that his observations are in general agreement 
with those of Pollok and Leonard in the case of solutions, which greatly 
increases the value of the tables of all these observers. It is wise, how- 
ever, to refer to the tables of both groups of workers; for Hartley, Pollok 
and Leonard give lines which A. de Gramont omits and vice versa. 
The order of sensibility is that found by photography, either with a 
quartz or with a uviol crown glass spectrograph and it is in the ultra- 
violet that the ‘“raies ultimes” almost always lie. But where “raies 
sensibles” are recorded in the visible spectrum they are often of high 
sensibility for the eye. 

A. de Gramont applied the spectrograph to the analysis of minerals 
such as galena, argyrite and silico-aluminates. Utilizing the persistence of 
the ‘“‘raies sensibles”’ he obtained tables for the quantitative estimation 
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of silver from 0.0001 to 1 per cent. in lead, alloys, and minerals, and traces 
of other metals such as titanium and niobium in fused salts. 


MoprERN SPECTROGRAPHS, AND Ways oF Usinc THEM 


The instruments with which Hartley and A. de Gramont first worked, 
although quartz spectrographs, were not of the modern convenient kind. 
As the work done by A. de Gramont, Hartley, Pollok and Leonard was 
published, it became obvious that for general use a convenient photo- 
graphic instrument was needed, and in 1909 one of us designed the fixed 
adjustment quartz spectrograph which, with slight modifications, is that 
in general use at the present time (Fig. 2). In 1912, in order to deal more 
readily with the very complex spectra of modern steels, a still larger size 
quartz spectrograph was made, giving three times the dispersion of the 
former one. Details of these instruments are readily available. 


Fig. 2.—QUARTZ SPECTROGRAPH USED IN QUANTITATIVE ANALYSIS. _ 


Now let us briefly describe the process of taking a spectrogram. The 
information is amply available elsewhere but the technique recommended 
is that which experience has shown will cover practically every variety 
of case likely to arise, while to obtain the same information from other 
sources, the searcher would have to spend many laborious hours. 


Licut Sourcr 


There are four main ways of producing from a substance radiation 
suitable for its spectroscopic analysis; by the flame, the are discharge 
the spark discharge, and the vacuum tube discharge. ws 

In the flame it is only certain metals which emit radiations capable 
of analytical interpretation. In the arc all the metals and in addition the 
five non-metals, carbon, silicon, boron, phosphorus and arsenic reveal 
their presence by characteristic spectra. In the spark many of the non- 
metals, among them fluorine, chlorine, bromine, iodine, oxygen, nitrogen, 
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sulfur and selenium, become detectable as well as-the metals, and the 
method is applicable to solutions as well as solids, which is not the case 
with the arc.* With the spark, “air lines” are usually in evidence, but 
these can be removed by the use of a self-induction coil, as described 
later. 

Under ordinary conditions in the vacuum tube the substance of the 
electrodes gives no spectrum, the lines present being only those of the 
rarefied gas in which the discharge takes placet 

The wave lengths of the spectrum of a metal are not affected either 
by its state of chemical combination, or by the presence of other metals. 

Flame Spectra—Every chemist is familiar with the production of 
flame spectra. They are obtainable from certain metals or their salts 
when these are put into a Bunsen flame. Innumerable variants of this 
device are to be found in the mass of literature which has accumulated 
since the time of Bunsen, who originated this method in 1859, but it 
suffices to state here that as far as analytical purposes are concerned: 

(a) Flame spectra are of value only in identifying the alkali and 
alkaline earth metals with the addition of indium and thallium. 

(6b) A spectroscope of low dispersion and high luminosity is the best. 

(c) The ultra-violet spectrum in flame spectra being too weak to have 
any value for analysis, a visual spectroscope is all that is required. 

(d) Although in the case of sodium the phenomenon lasts a consider- 
able time, yet in other cases such as those of potassium and rubidium 
it is very evanescent, and the observation should therefore be made at 
the instant of introducing the salt into the flame. 

Are Spectra.—Are spectra are, we think, the most generally useful, 
and when electric supply at from 150 to 220 volts D. C. is available the 
production of the arc between metal electrodes is very simple. When 
the voltage available is less than this, or when A. C. only is available 
most metallic ares will not run; but the difficulty may be avoided by 
using carbon electrodes, and putting the substance to be examined on the 
lower pole. 

A simple hand feed are lamp is connected to the supply through a 
resistance, a current of from 3 to 6 amp. being used. Electrodes, as pure 
as possible, of carbon, copper or iron, or of the metal to be examined, 
are used and the arc is struck by allowing the electrodes to touch and 
then separating them by 2 or 3 mm. The following procedures suffice 
for practically all cases likely to arise. . 

Metallic Specimens.—Where the specimen is in the form of metallic 
rods or metallic pieces large enough, these can themselves be used 


as electrodes. 


2 The last-named eight elements do not, however, give their spectra under such 
conditions as to render their spectroscopic detection in a substance generally feasible. 
3 7.¢., lines of oxygen and nitrogen. 
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Small Metallic or Other Specimens, Powders, Precipitates, Dry Residues 
from Solutions, Etc.—Carbon electrodes as pure as possible are used, and 
a small cup is scooped out in the lower carbon. Into this the specimen 
is dropped and the are struck. A variant of this procedure is to use 
copper electrodes, a few milligrams of the substance being placed on the 
lower copper pole when the latter is hot. The substance adheres to the 
pole, and the spectrum of its metallic components is observable for 
some time. ; 

Spark Spectra—The apparatus required for producing the spark 
consists of an induction coil, or preferably, a 14-kw. transformer giving 
15,000 volts on open circuit, with a condenser and self-induction coil. 
If alternating current is not available, a small converter must be added. 
These are arranged as in Fig. 3. 


self-induction coil 


E condenser spark 


Fig. 3.—ARRANGEMENT OF SPARK APPARATUS. 


Solids, Including Powders.—The specimens for sparking are held in 
clips in an adjustable holder. This holder suffices for metals, alloys or 
conducting minerals. If the specimens consist of nonconducting pow- 
ders: (such as those of slags, precious stones, stony minerals glasses 
precipitates or residues from solutions), there should be added a small 
cup of platinum of about 15 mm. dia. and 3 mm. deep, held in the lower 
clamp by a wire of the same metal, the cup being heated in the flame of 
a Meker burner. A stout platinum wire leads the spark from the 
upper clamp to the platinum cup, in which the powder or powdered 
mineral is mixed and fused with about four times its weight of sodium 
or lithium carbonate—these salts being chosen because of the simplici 
of their spectra. ae 


Liquids.—If the samples are in the form of solutions, the sparkin 
tubes of Hartley or of Pollok may be adopted. : 
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Another class of cases, which may be considered here, is that in which 
a substance of relatively high volatility is to be looked for ; for instance, 
zinc in small quantity in, say, an organic substance. It may be preferred 
on general grounds to use the arc, and in that case the hollowing out of a 
space in the bottom electrode (preferably cored) of a carbon are is the 
method indicated, but for a volatile substance this hole should be deep 
and this desideratum becomes the more necessary if the substance is of an 
organic nature or damp, in which case it is veryglikely, if the hole in which 
it is placed is not deep, to jump out of position before the examination 
can be even commenced. 

In cases of this kind a visual examiration is often very successful; 
the observer having started the arc has plenty of time to sit at the spec- 
troscope and watch until the are burns down to the substance to be exam- 
ined. Very minute quantities can thus be observed, however evanescent 
the appearance of the lines. Of course, difficulties are likely to arise 
from the presence of impurities in the arc, and to avoid this, very pure 
carbons have been put on the market, but we are speaking at the moment 
of more volatile metals, which are easily driven off by a few minutes’ 
running of the arc, or at least brought to a state of constant and 
low intensity. 

So much for how the sample is made to emit the light. Next will be 
described very briefly the means of identifying the lines of the vari- 
ous elements. 


COMPARISON SPECTRA 


In Fig. 4 the spectra of several samples are shown close together. 
These spectra are taken one after the other on the same plate without 
any readjustment of the spectrograph. If there are any constituents 
common to two or more of the samples the spectrum lines of those con- 
stituents will appear in the corresponding spectra. Spectra so arranged 
are called ‘“‘comparison spectra.” 

To Ascertain Whether a Substance Contains a Specified Metal.—Three 
spectra are taken, of which the first is that of any metal which is known 
to be present in considerable quantity, or if none such be known then one 
of the purest iron obtainable; the second that of the sample under test; 
while the third is that of the metal whose presence or absence is to 
be determined. 

The set of photographs develops like that shown in Fig. 4, in which 
the bottom spectrum is zinc of very high purity, the middle spectrum 
that of the commercial spelter under examination and the top spectrum 
that of cadmium, the metal whose presence or absence is in question. 
It will be seen by the presence of the sensitive cadmium lines of wave 
lengths 3261.1 and 3610.5 that the spelter contains cadmium, while the 
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sensitive copper lines 3247.5 and 3274.0 show that this is present in the 
cadmium, the spelter, and even in the zinc. It is not, of course, neces- 
sary to adopt this precise arrangement of spectra, but it is one that is 
very frequently convenient. 


37 
iyi alu 


| Cadmium 
Speller 

Pure Zinc 

sa laa area! 4 

c c 

UVUON N 3 1) U 

o +28 a 2 = S oS 

f giw Oo 5 3 6 

a daun a 3 

MA QAM L) 3 nm 

Fia. 4.—‘‘ COMPARISON SPECTRA.”’ 


If examinations for the presence of other metals are required to be made 
on the same sample or if other samples are to be tested, the same plate can 
be used by racking the dark slide to a fresh position, and as many as six 
strips (that is, 18 spectra in all) will easily go on a single plate. By such 
methods all the metallic constituents in an alloy, mineral, ash, or what 
not, can be readily and quickly identified. 


Part II.—QuANTITATIVE SpEecTRUM ANALYSIS 
Variation of Intensity with Content 


We have seen how Hartley, with his co-workers, endeavored to found 
a quantitative method of spectrum analysis on the observation of the 
amount of dilution to which a solution could be submitted before the dis- 
appearance of certain distinctive lines which he ealled “persistent” 
lines. The method has the disadvantage that a solution must be made 
up and the avoidance of the making-up of solutions is among the advan- 
tages of spectrum analysis. 

Of recent years, therefore, attempts have been made in the laboratory 
of Adam Hilger, Ltd., and elsewhere, to found a method of quantitative 
analysis on observations of the vy: arying intensities of the spectrum lines 
with the proportion of the corresponding ingredients. It is true attempts 
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of the kind were made many years ago, and were not very successful. 
Recent attempts, however, have been more so. 

: If we take any range of percentages of particular impurities in a par- 
ticular metal we shall find that there are certain lines which do not alter 
much in intensity, while there are usually other lines which alter rapidly 
in intensity. Obviously, in attempting a quantitative determination of 
a substance which is present in approximately, say, 10 per cent., we should 
utilize for our observations not the lines which do not alter in intensity 
round about that percentage, but those which do. These are not gener- 
ally the persistent lines or ‘‘raies sensibles”’ and, since there has been no 
large accumulation of data relative to thése variable lines of a character 
similar to that accumulated by Hartley, A. de Gramont, and others 
for the persistent lines, each observer will usually, for the time being, 
find it necessary to accumulate the data for himself. A certain amount of 
such information has been collected in our laboratory, using Hilger 
instruments, and we will now give a brief account of some of the examples 
of quantitative analysis the routine of which has been worked out. 

The instrument used by us is the quartz spectrograph, usually the 
size shown in Fig. 2, which gives a spectrum 230 mm. long from 2000 to 
10,000 A. Either the arc or spark spectrum is used for this work, and in 
most cases the are method is both simpler to use and more sensitive 
in detection, 

A convenient form of arc is obtained by using two electrodes of the 
metal under examination, and maintaining an are about 5 mm. in length 
by acurrent of about 3amp. This can be obtained, using a D. C. supply 
of 220 volts and placing in series with the are a lamp resistance having 
four 50-c.p. carbon filament lamps in parallel. It is preferable to have 
both electrodes of the material under test, as in that case no additional 
impurities are introduced. If only one piece of the metal is available, 
such as copper, it is advisable to use the sample as positive electrode and 
a rod of the purest copper obtainable as negative electrode. In the same 
way for analyzing steel samples the negative electrode would be pure iron. 
This method has the disadvantage that the intensities of the impurity 
lines are less than would be the case if both electrodes were of the 
same material. 

In the case of the spark, using an A. C. supply of 150 volts and trans- 
former as described above, a satisfactory spark will be obtained (about 
5 mm. in length) by placing four lamps in the lamp board; and this is 
the procedure which has been regularly adopted. An image of the spark 
or are is thrown on the slit of the spectrograph by means of a quartz 
condensing lens. 

The most suitable shape of spark electrodes is wedge-shaped, so that 
they can be mounted in the holders with the edges of the wedge parallel 
to, and in line with the axis of the collimator. This arrangement gives a 
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steady image on the slit. Whatever the shape of the electrodes, however, 
it is advisable to mount them in the holders so that the discharge takes 
place either in this manner, or from two points, so as to obtain an image 
on the slit which does not wander. 

It has been criticised that the spectrum obtained by using rods 
or lumps of the metal under examination as electrodes is representative 
only of the spots of the electrodes between which the discharge is taking 
place, and perhaps not of the main bulk of the metal. On the other hand, 
a method such as this, which will detect segregation of impurities, has 
very much to commend it. Also, when wedge-shaped electrodes as 
described above are used it will be observed that the discharge wanders 
along the edge of the wedge and hence a more representative result will 
be given; and in any case, if a number of specimens be taken from the 
same sample and an average result deduced from a consideration of their 
spectra, a fairly representative result will be obtained. 

An alternative method is to obtain a representative sample from the 
bulk of the metal and dissolve it in acid and obtain a solution of known 
concentration with respect to the weight of the sample. This solution is 
then used as the sample for spectroscopic investigation. This amounts 
practically to the method of Hartley, Pollok and Leonard, with its 
attendant dangers of introduced impurities. 

Where the sensitive lines used in analysis he towards the ultra-violet 
end of the spectrum the ordinary condensed spark generally proves satis- 
factory, but when the lines occur towards the visible part of the spectrum 
trouble arises from the ‘‘air lines’”’ (lines due to oxygen and nitrogen) 
which may mask the lines of the material, especially if these are faint. 
To remove these air lines from the spectrum a self-induction coil is placed 
in series with the spark, as shown in Fig. 3.‘ 

The method of quantitative spectrographic analysis now to be described 
is based on the appearance and variation of intensity of selected lines in the 
spectra of standard samples. As the percentage of impurity increases, 
other lines than the sensitive lines of A. de Gramont begin to appear, these 
lines showing an increase in intensity as the amount of impurity increases, 
These lines are readily identified by photographing a comparison spec- 
trum of the impurity itself. It has been found, as explained above, that 
the actual “raie ultime,” or “‘raie sensible,” which appears when only 
traces of the impurity are present, is not always the best line to use in 
quantitative work. Any lines which appear with certain percentages of 
the impurity, and show a systematic variation of intensity can be used 
and those are best which vary most rapidly with variation of percontare 

In the preparation of standard alloys containing definite percentages 
of each metal, the Ajax-Northrup induction furnace is recommended by 
the Bureau of Standards.” Homogeneity of the alloys and minimum loss 
from volatilization and freedom from contamination are then insured 
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The purity of the metals used in the preparation of these synthetic alloys 
can, of course, be checked by spectrographie methods. 

Having standard samples whose impurity contents are accurately 
known, their are spectra are photographed in juxtaposition on the 
spectrograph. The wave-length scale (which is photographed directly 
on the plate) facilitates the identification of the sensitive lines in the 
spectra; but to make the identification still easier, a further spectrum can 
be photographed, namely, that of a sample of the metal for which estima- 
tions are to be carried out. In the various spectra these sensitive lines 


A. de Gramont 
Sensitive 
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Fig. 5.—SPECTROGRAPHIC ESTIMATION OF CADMIUM IN ZINC. X 3. 
The pure zine was a sample redistilled under very exceptional precautions. 


will decrease in intensity as the percentage of impurity is decreased, and 
in some cases will disappear. Hence, using these spectra as standards, 
spectra of any samples of a like composition can be compared with 
them and estimations made within the range of the standard samples. 
It sometimes happens that a sensitive line due to the impurity occurs 
fairly close to a line of the metal containing that impurity. In this case 
the estimation is considerably simplified, as the line due to the main bulk 
of the metal serves as an intensity standard, and any errors which may 
arise from differences in exposures and developing are eliminated. 
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This procedure has been clearly described by W. Gerlach: 


“Two lines of the impurity are not compared with one another, but one (or more) 
lines of the impurity B with one (or more) neighboring lines of the substance contain- 
ing it, as far as possible equal in intensity. A single ideal case will serve to illustrate 
this. Near a spectrum line \B of the impurity B occur three lines of the main sub- 
stance A, \,4, 2A, and 434. Adopting these three lines as standards one finds that 
the intensity of the \B line 

At 1.0 per cent. is equal to \1A 
At 0.2 per cent. is equal to \2A 
At 0.05 per cent. is equal to \3A 


Then in the analysis of the substance A + 2 per cent. B the quantity z is determined 
from the brightness of the B line relative to A1A2A3. This method is already well 
developed, and gives results whose accuracy increases as the range between the 
standards decreases. Also it is independent of photographic effects.‘ (T’ranslation.) 


As a result of spectrographic investigations which have been carried 
out in the.Hilger laboratories with various metals, it may be stated that 
one can distinguish between 0.001 per cent., 0.01 per cent., 0.1 per cent. 
and 1.0 per cent. of any metallic impurity by such comparisons of the 
intensities of the lines; while in favorable cases (Fig. 5) a very much higher 
accuracy is attained. The estimation is, of course, very rapid—14 hr. 
will suffice for the whole procedure of photography, developing and esti- 
mation; and the plate forms a permanent record of the whole metallic 
contents of a sample. 

The tables of Hartley, Pollok and A. de Gramont are useful whether 
the are or spark be used, since the lines which are persistent in the spec- 
trum of the spark are persistent also in that of the arc. At the same time 
it should be observed that where one is dealing with a small quantity 
of metal of high melting point (such as iron or nickel) in a metal of low 
melting point (such as copper or aluminum) the arc is not so sensitive as 
a means of detection of impurity, the reason probably being that there 
is an insufficient quantity of the vapor volatilized in the arc, the tempera- 
ture of which is low as a result of the low boiling point of the main bulk 
of the metal. 


SPECIFIC EXAMPLES OF QUANTITATIVE ESTIMATIONS 
Determination of Small Quantities of Cadmium, Lead and Iron in Zinc! 


This research was carried out for the British Non-ferrous Metals 
Research Association, who supplied very carefully prepared samples of 
zinc and graduated alloys for standards, including one sample from the 
New Jersey Zinc Co., prepared by fractional distillation after electrolytic 
refining, and considered to be spectroscopically pure. 


‘Reproduced by permission of the British Non-ferrous Metals Research 
Association. 
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It was found that with Schumann! plates an exposure of 2 min. of the 
‘condensed spark between two pieces of the zinc sample was sufficient, 
and satisfactory results could be obtained with Wellington anti-screen 
plates coated with a thin film of paraffin oil, giving an exposure of 5 min. 
Ordinary paraffin oil is wiped on the film side of the plate with a piece of 
chamois leather, obtaining as thin a film as possible. Then the plate is 
exposed for the required time, and before development the oil is removed 
with a piece of cotton wool soaked in benzene. Methylated spirits will 
also remove the paraffin oil, but benzene possesses the advantage that it 
evaporates very quickly and any traces of oil remaining can be seen and 
wiped off. ; . 

1. Estimation of Cadmium in Zinc.—The following table was obtained 
from a series of spark spectra of zinc samples containing various amounts 
of cadmium: 


pease ee er a 
Cadmium 0.75 Cadmium 0.25 Cadmium 0.1 Cadmium 0.01 Cadmium 0.001 
Per Cent. Per Cent. Per Cent. Per Cent. Per Cent. 

| 

2573 .0 2573.0 

(Just visible) 
2312.8 2312.8 2312.8 
2288 .0 2288 .0 2288 .0 2288 .0 
2265.0 2265.0 2265.0 2265.0 2265 .0 

(Masked by zinc line) 

2194.6 2194.6 2194.6 2194.6 
2144.4 2144.4 2144.4 2144.4 2144.4 


The two lines \2144.4A and \2573.0A are of special importance 
since from the appearance of these lines alone the estimation can be 
carried out. 

The line \2573.0A appears faintly between two zinc lines when there 
is 0.25 per cent. Cd present, and is of approximately the same intensity 
as the two zinc lines when 0.75 per cent. Cd is present. . 

The relative intensities of the cadmium line 2144.44 and the neigh- 
boring zine line at \2147.4A enable one to distinguish between the 
presence of 0.001 per cent. Cd, 0.01 per cent. Cd and 0.1 per cent. Cd 
as follows: 

0.001 per cent. Cd. Cadmium line fainter than the zinc line. 

0.01 per cent. Cd. Both lines of approximately the same intensity, 
the cadmium line just a little stronger than the zinc line. 

0.1 per cent. Cd. Cadmium line much more intense than the zinc line. 

The are method of analysis also yields results suitable for routine 
quantitative analysis. The following table was prepared from the arc 


spectra of the same samples: 


the minimum amount of gelatin necessary to hold 


’ Photographic plates having 
sitive to the ultra-violet part of 


the emulsion. ‘They are consequently very sen 
the spectrum. 
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i i 5 i i 01 Cadmium 0.001 
Foes ue aed pegs Oe ie den Pee eael 
3610.5 3610.5 3610.5 
3466.2 3466.2 3466.2 3466.2 
(Barely visible) 
3403.6 3403 .6 3403 .6 
3261.1 S260 3261.1 3261.1 
2980.6 2980.6 2980.6 
(Faint) (Faint) 
2880.0 2880.8 
(Barely visible) 
2288 .0 2288 .0 2288 .0 2288 .0 2288.0 
2265 .0 2265.0 2265.0 2265 .0 
(Faint) 
2144.4 2144.4 | 2144.4 
| (Faint) 


2. Estimation of Lead in Zinc.—Both the are and spark methods of 
analysis were investigated for the quantitative determination of lead in 
zinc and the are method was found to be far superior to the spark method. 
The three zine are lines \\4810.5A, 4722.2A and 4680.2A, are available 
as intensity standards, following the method proposed by W. Gerlach.“ 


TABLE oF Sensitive Leap Lines APPEARING IN THE Arc Spectra oF ZINC-LEAD 


; ALLOYS 
aa a ea 
0.092 Per Cent. | Lead 0.1 Per Cent. | Lead 0.01 Per Cent. | Lead 0.009 Per Cent. 
4057.8 4057.8 4057.8 | 4057.8 
3740.1 3740.1 
(Barely visible) 
3683 .5 3683 5 3683.5 | 3683 .5 
3639.6 3639.6 3639.6 | 3639.6 
(Faint) 
3072.7 3572.7 
(Barely visible) 


It will be noted that the intensity of the lead lines in the sample con- 
taining 0.092 per cent. lead by analysis indicates a higher percentage 
than in the standard sample containing 0.1 per cent. of lead. Hence, 
until further work is done it would appear unsafe to use spectrographic 
methods for lead except in quantities below 0.1 per cent. The estimation 
of lead in the sample containing 0.009 per cent. lead by analysis indicates 
an amount slightly less than the 0.01 per cent. lead in the standard sample, 
and for such quantities the spectrographic method would apparently 
give reliable results. 

In the case of the spark spectra, the lead line \2203.7A appears in 
the spectra of 0.092 per cent. lead and 0.1 per cent. lead, but is absent 
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in those of 0.01 and 0.009 per cent. lead. The lead spark line is there- 
fore not so sensitive as the lead arc lines and hence for quantitative deter- 
minations, the arc method is preferable in the case of zinc-lead alloys. 

3. Estimation of Iron in Zinc.—Owing to the very large number of 
sensitive lines in the iron spectrum, the identification and comparison 
of suitable lines is not so simple a matter as in the case of cadmium or of 
lead. Also in this case a spectrograph with a comparatively large dis- 
persion is more suitable for the work (such ag the Hilger E..3) ; whereas 
for lead and cadmium the smaller E.37 suffices. 


Taste 4.—Sensitive Iron Lines Appearing in the Spark Spectra of Zinc- 
iron Alloys : 


(p = present; f = faint; bv = barely visible) 
ae cae cal SN a eS tS 
Percentage Iron 


Ww. L. Iron, Tron, Tron, Tron, Tron, Tron, Tron, 


0.108 0.1 0.053 0.05 0.01 . 0.008 0.0032 
Per Cent. | Per Cent. | Per Cent. | Per Cent. | Per Cent. | Per Cent. Per Cent. 


f bv 
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To give the best results, where both iron and cadmium are to be 
estimated together, either Schumann plates or paraffin-coated Welling- 
ton anti-screen plates, should be used; for iron alone Wellington anti- 
screen plates, uncoated, are quite suitable. 

It was found that the tables of Hartley for iron chloride (“ p. 42), and 
of A. de Gramont (p. 82, zbid.), though ample for establishing the presence 
of iron in small quantity, did not record enough lines of graded sensitive- 
ness for quantitative analysis. On the other hand, the more complete 
and accurate wave lengths in the iron spectrum published in Kayser and 
elsewhere, give no guidance at all concerning which lines appear when 
small quantities are present. Hence, the Table 4 was prepared from 
spectrograms taken for this purpose on Hilger quartz spectrographs, 
size E.1 and E.3: 

When 0.05 per cent. Fe is present in the zinc, the iron line \2388.63A 
and the neighboring zinc line \2390.20A are of approximately the same 
intensity. 

Hence it has been shown that to a great extent the difficult and tedious 
chemical assay of cadmium, lead and iron in zine can be replaced by the 
spectrographic method, bearing in mind the limitations referred to above. 


Impurities in Copper 


Bismuth is one of the most injurious elements that can be present in 
copper. It induces extreme brittleness so that not more than 0.005 
per cent. of bismuth can be tolerated. According to W. Stahl ® as little 
as 0.02 per cent. Bi renders copper hot-short, while 0.1 per cent. renders 
it cold-short, although the effect can be reduced to some extent by the 
addition of the requisite amount of antimony or arsenic. Bismuth 
occurs in the form of films between the copper crystals, and this is the 
reason of the brittleness. 

Other impurities present in copper, such as arsenic and iron, seriously 
affect the electrical conductivity. Although the copper obtained by 
electrolytic refining is of exceedingly high purity, impurities are unavoid- 
ably introduced during subsequent remelting and casting. ‘When 
the amount of arsenic is small, it cannot be identified as a separate 
constituent under the microscope, but exists in what is called a solid 
solution. The consequence is in this particular case of arsenic in copper, 
that the mechanical properties of copper are not adversely affected until 
the amount of arsenic becomes considerable. On the other hand, the 
effect on the electrical conductivity is very great, because the presence of 
the arsenic atoms in the crystals themselves destroys the complete 
regularity of their structure and interferes with the passage of the elec- 
trons which carry the electric current.” 

The main difficulty in the chemical analysis of copper with respect to 
bismuth is that the method consists of a very large number of manipula- 
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tive processes, which necessarily reduce the chances of accuracy. The 
determination takes considerable time, and in view of the small quantity 
which is usually present, and also in view of the fact that the methods are 
partly gravimetric, any great degree of accuracy is difficult to attain. 
In most instances it is desired to know rapidly what the percentage of 
bismuth in copper may be, so that rapid decisions regarding material can 
be reached, and the chemical methods are too tedious for this purpose to 
be achieved. . ¢ 

These chemical processes can be replaced by the comparatively simple 
spectrographic method, which is based on the intensity of the bismuth 
lines, wave lengths 3067.7 and 2898.0A which appear in the are spectra of 
copper samples containing bismuth. 

When there is 0.1 per cent. Bi present in copper, the line \3067.7A 
is approximately equal in intensity to the copper line \3073.8A in the are 
spectrum. The bismuth line appears between the two copper lines 
\\3063.4A4 and 3073.8A which serve as intensity standards. The bis- 
muth line appears when 0.005 per cent. bismuth is present and is the ‘‘raie 
ultime.”’? Also when 0.1 per cent. Bi is present, the line \2898.0A is 
present, but faint, and the lines \\2938.3 and 2989.0A are barely 
visible and when 0.025 per cent. Bi is present, the line \2898.0A is 
barely visible. 

In the same way small quantities of arsenic can be estimated from 
the are spectra of copper samples containing arsenic, and the Table 5 
gives the sensitive arsenic lines employed. 


TABLE 5.—Sensitive Arsenic Lines Appearing in the Arc Spectra of Copper 
Samples Containing Arsenic 


oS SE 
A 0.87 | 0.54 | 0.42 | 0.40 | 0.36 | 0.325 | 0.275 | 0.245 | 0.195 | 0.11 0.03 

2860.5 p p p p p p p p tf bv 

2780.2 p p p p p p p p i bv 

2745.0 p p p p p p p f f f bv 

2456.5 p if bv bv 

2381.2 p f f 

2370.8 p p fi bv 

2349.8 p p p p p p p p f bv 

2288.1 | p Pp p Pp p p Pp p p f by 


Bee ee ee 
[p indicates that the line is definitely present, f that it is faint, and bv that it is 
barely visible.] 

The line \2370.8A is very close to the copper line \2369.94. 

The arsenic lines \\2381.2 and -2288.1A appear very near to the positions of 
sensitive lines due to other impurities, viz., \2382.0A (iron) and X2288.0A (cadmium). 

Certain copper lines are found to be available as intensity standards in the esti- 
mation of arsenic; and in the following table, the first column gives the arsenic line, 
the second a neighboring copper line and the third column the percentage of arsenic 
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present when these lines (due to arsenic and copper, respectively) are of approximately 
equal intensity: 


(As) A(Cu) As, Per CrenrT. 
2288.1 2276.3 0.5 
2349.8 2356.6 0.3 to 0.35 
2780.2 2768.9 0.4 


Determination of Calcium in Magnesium 


In the use of magnesium for light alloys it is customary to add cal- 
cium to retard the rapid oxidation of the molten surface during foundry 
operations. If much less than 0.1 per cent. be present, the calcium has 
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0.4% Ca. 


ae 0.3% Ca. 
| 0.2% Ca. 


0.1% Ca. 


~0% Ca. 


Fie. 6.—QUANTITATIVE SPECTROGRAPH DETERMINATION OF CALCIUM IN MAGNESIUM: 


but little of this desired effect, while if it is present in excess of 0.2 per 
cent. it is not only in excess of requirements but appears to be objec- 
tionable. The accurate determination by chemical means of such small 
quantities of calcium is an extremely laborious process, and is also subject 
to uncertainty on account of the masking effect of the relatively large 
quantity of magnesium. : 

The quantitative spectrographic determination is, however, both 
rapid and reliable. A condensed spark discharge is passed between two 
pieces of magnesium under test, a self-induction coil being included in the 
circuit. Fig. 6 shows the increase in intensity of the calcium lines 3933.7, 
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3968.5 and 4226.7A as the percentage of calcium in the magnesium 
increases. This photograph was obtained on a Hilger E. 3 spectrograph 
with 3 min. exposure for each spectrum. 


Determination of Aluminum in Brass 


Aluminum in brass increases the hardness of the material. Further- 
more, brass containing aluminum is generally found difficult to forge. 
Beyond these facts, however, aluminum imparts a characteristically 
light color to brass even when present in only small quantities, and this 
color renders the brass unacceptable to many people. 


% Sb. % Sn. 
) 100 
5 95 
10 90 
15 85 
20 80 
25 75 
30 70 


Fic. 7.—SpARK SPECTRA OF TIN-ANTIMONY ALLOY. 


The aluminum spectrum is well developed in the are spectrum of brass 
containing 0.64 per cent. aluminum. Hence the are method of analysis 
should prove very useful for small percentages of aluminum in brass. 

The difficulty in connection with the determination of aluminum in 
brass, by chemical methods, is that it is a long and tedious process entail- 
ing a number of operations, whereas the spectrographic method is 


comparatively rapid. 
Spark Spectra of Tin-antimony Alloys 


Two minutes’ exposure of the condensed spark discharge between small 
pieces of tin-antimony alloy samples was given. The increase inintensity 
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of the sensitive antimony lines as the amount present increases to 30 
per cent. in stages of 5 per cent. is shown in Fig. 7. 

The line \2598.1A (which is given as a ‘“‘raie ultime” by A. de Gram- 
ont) appears in the spectrum of pure tin, showing that a trace of anti- 
mony is present therein. 

When 15 per cent. Sb is present the antimony line \2528.5A is equal 
in intensity to the tin line \2546.8A, and the antimony line \2669.6A 
is equal in intensity to the tin line \2665.7A. 

When 10 per cent. Sb is present the Sb line \2790.4A is Ena in inten- 
sity to the line \2785.0A. 


Determination of Small Quantities of Impurities in Lead 


The bismuth line 3067.7A and the copper doublet 3247.5 and 
3274.0A can be used for the quantitative determination of small 
quantities of these metals. 

Further examples of the quantitative spectrographic analysis of non- 
ferrous metals are given in Bureau of Standards Scientific Paper No. 
444; the method adopted was to use the condensed spark with a 
self-induction coil included in the circuit. Spectra of various alloys are 
reproduced with a detailed account of the technique and mode of pro- 
cedure, the metals for which quantitative results are given being tin 
(used for fusible safety plugs for steamboat boilers), gold and platinum. 
In each of these cases only minute quantities of impurities may be present 
and the spectrographic method is shown to be far superior to the chemical 
methods for their detection and estimation. The authors conclude that 
“quantitative spectrographic analysis applied to problems of the kinds 
described above is a successful procedure and one that may be readily 
extended to many problems in chemistry, metallurgy, mineralogy, 
physics, biology and other sciences.”’ 


STEEL ANALYSIS 


Determination of Chromium and Manganese.—In obtaining the photo- 
graphs reproduced, one minute’s exposure of the are between steel 
samples was given in each case, using a uviol glass spectrograph, E. 43. 

It is difficult to maintain a steady are between ferro-chromium 
electrodes (containing 69.5 per cent. Cr) and thus the series of spectra 
of chromium steels reproduced in Fig. 8 has been obtained by using the sam- 
ple as the positive electrode and a pure iron rod as the negative electrode. 
In using pure iron as one electrode care has to be taken not to allow a 
bead of molten iron to adhere to the sample under investigation, other- 
wise the spectrum will be that of practically pure iron. 

In the case of the series of spectra of manganese steels reproduced 
in Fig. 9, both electrodes were of the same sample, and greater varia- 
tions in intensity were obtained in this way. 
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The lines of chromium and manganese which are found to be useful 
are as follows: 

(a) Chromium. The group of lines 5208.4, 5206.1 and 5204.54, 
shows an increase of intensity as the percentage of chromium increases, 
and it occurs in a region of the spectrum which is comparatively free from 
iron lines. These lines are given as sensitive lines by A. de Gramont. 


\ 
hE 


Fig. 8.—SPECTRA OF CHROMIUM STEELS OBTAINED BY USING SAMPLE AS POSITIVE 
ELECTRODE AND A PURE IRON ROD AS NEGATIVE ELECTRODE. 


(b) Manganese. The group of lines 4761.7; 4762.5; 4766.0; 4766.6; 
4754.1; 4783.5; 4823.6 gives the best variation of intensity with increas- 
ing percentage of manganese present in the steel. This group also occurs 
in a region of the spectrum comparatively free from iron lines. The 
lines 4823.6, 4783.5 and 4754.14 are given as sensitive lines in the spark 
spectrum by A. de Gramont, but the remaining lines are sensitive under 
these conditions to the same extent as the sensitive lines, although not 


classified as such. . 
Determination of Carbon in Steels—Fig. 10 was obtained by photo- 


graphing the spark spectra of carbon, and of ferromanganese and ferro- 
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Fig. 9.—SPECTRA OF MANGANESE STEELS OBTAINED WHEN BOTH ELECTRODES WERE 
OF SAME SAMPLE. 


Carbon 


6.84% C. 


5.54% C, 


Fig. 10.—SPARK SPECTRA OF CARBON IN STEELS. 
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chromium containing 6.84 and 5.54 per cent. carbon, respectively. A 
distinct increase in intensity in the ‘‘raie ultime” 2478.6A of carbon is 
observed. A 5-min. exposure was given in each case, using the medium 
quartz spectrograph, E. 3. 

Some doubt has been expressed as to the utility of such spectrographic 
analyses of steels. There is no difficulty whatever in estimating man- 
ganese or chromium in steel by chemical methods with a high degree of 
accuracy and without doubt that the determination is correct. But the 
comparatively rough quantitative estimations by spectrogram are ob- 
tained with great rapidity, and information as to all the other metals 
present is given at the same time. The method is well adapted to the 
sorting out of steels and checking purposes. 

A visual instrument has been designed for the purpose of rapidly 
estimating nickel and chromium in steels. This instrument enables the 
presence of nickel and of chromium in samples of steel (e. g., steel bars or 
steel scrap) to be detected immediately, even by an unskilled observer. 
Not only so, but a few days’ experience with bars of known nickel or 
chromium content will enable the observer to state the approximate 
percentage present—as, for instance, 1, 2, or 4 per cent. 

The instrument has no adjustments, the observation of nickel and 
chromium, respectively, being provided for by two eyepieces, in one 
of which are seen the most distinctive nickel lines, and in the other the 
most distinctive chromium lines. ‘These lines are seen and identified by 
a circle around each, and by their position in relation to the iron lines 
grouped immediately around them, and the instructions for use of the 
instrument contain a description whereby the observer unfamiliar with 
the spectrum may find the lines without difficulty. 

The arc is struck by touching both rods simultaneously with a third 
rod of iron or carbon steel (insulated by pushing over one end of it a piece 
of ordinary rubber tube). Removal of this rod strikes the arc, and the 
observer at the spectroscope is able immediately to state whether or not 
the sample contains an important quantity of nickel or chromium. 
With the aid of three or four standard samples containing various per- 
centages of nickel and chromium, he can soon accustom himself to state 
also the range of percentage within which the nickel or chromium 
content les. 

We conclude this paper with a short bibliography and with extracts 
from both published and private communications on the general subject 
of the usefulness of the spectrograph in industrial laboratories. 


BIBLIOGRAPHY AND NOTES 


1. The visual spectroscope is often of great use in sorting tests which must be 
made repeatedly with as little loss of time as possible. As an instance may be men- 
tioned a form of instrument made recently for testing steel bars in a rolling mill ware- 
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house to detect and approximately estimate the percentage of nickel and chromium 
in the stecl, Three of these are in constant use in one Sheffield steel works (Messrs. 
Vickers, Ltd., see note on following page). 

2. The results and tables of Hartley, Pollok and Leonard were published in Roy. 
Soe. Phil. Trans. (1884) Pts. 1, 2; and in Roy. Dublin Soe. Proc. 11, (N. 8.) Nos. 16, 
17, 18, 28, 24, 8Land 16 (N.S.) No. 25. They are reproduced with general conclusions 
of the authors in ‘Wavelength Tables for Spectrum Analysis” (F. Twyman, Adam 
Hilger, Litd.). 

3. The results of A. de Gramont are to be found almost entirely in a long series of 
papers in the Comptes Rendus, 144 to 175. They are summarized by A. de Gramont 
in the Comptes Rendus, 171, 1106; and the table there given is also reproduced in 
“Wavelength Tables for Spectrum Analysis.’””’ M. le Comte A. de Gramont shortly 
before his death kindly read the proofs of this reproduced table, and in so doing, 
corrected some errors which appear in the Comptes Rendus. 

With regard to the “raies ultimes’’ which are of such interest to those dealing 
with spectrum analysis, the following extract will be valuable: 

‘Considering the wide variation in the spectral sensitivity of photographic 
plates, the selective action of spectrographs, and other difficulties in the way of 
empirical determination of raies ultimes in complex spectra, the almost unfailing 
accuracy with which de Gramont described these must be regarded with great admir- 
ation,”’—J nl. Opt. Soc. Amer. (May 12, 1926) 444. 

4. In the catalogs of the makers, Adam Hilger, Ltd., 24, Rochester Place, Camden 
Road, London, N. W. L, England. 

5. For details see “Wavelength Tables for Spectrum Analysis’ (Adam Hilger, 
Ltd.). 

6. W. Gerlach: Zur Frage der richtigen Ausfithrung and Deutung der “‘Quanti- 
tativen Spektralanalyse.”’ Zettschr. f. anorg. und allg. Chemie. Band 142, Heft 3 u, 
4, 387. 

7. Meggers, Kiess and Stimson: Practical Spectrographic Analysis. Bureau of 
Standards Scientific Paper No. 444. (A brief review of historical matter and methods 
proposed for quantitative spectrographic analyses. The practical application is 
illustrated by work done at the Bureau with tin, gold and platinum.) 

The spectrographic and chemical methods of analysis of five samples of tin are 
compared, and it is shown that the former method is capable of giving quantitative 
results of great precision. ‘In fact, the precision probably surpasses that of the 
chemical gravimetric method in a case of this kind, for it is precisely for the small 
quantities for which weighing errors are large that the spectral methods show their 
greatest sensitiveness.”’ 

8. W. Stahl: Metall. u. Ere. (1925) 22, 421-2. . 

9, W. Rosenhain: 5th Autumn Lecture to Inst. Metals (Sept. 1, 1926). 

W. H. Bassett and C. H, Davis: Spectrum Analysis in an Industrial Laboratory 
Trans, (1923) 68, 662. (This article is a summary of a few instances where spectrum 
analysis has proved [its value over a period of 8 years in the field of non-ferrous 
metallurgy, A large quartz spectrograph was employed, and the accessory equipment 
fully described. Quantitative work was not specifically attempted but it is stated 
that experience brings to one an increasingly clearer idea of the percentage of each 
element present in an unknown.) 

A letter from the laboratory of Kynoch, Ltd., states that the spectrograph is being 
used for the examination of impurities in zine, copper and lead with a view of passing 
the raw material on the basis of spectrographie examination only. They have corro- 
borated the work on the impurities in zine carried out by the British Non-ferrous 
Metals Research Association, and have done additional work on the estimation of 
antimony in lead, 
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Hulland Steele: Some Useful Applications of a Quartz Spectrograph. A.S.T. M. 
Preprint (June, 1927). (The spectrograph has been used by the authors for the exami- 
nation of raw materials used in the manufacture of sheathing for underground electric 
cables at the plant of the General Electric Co., Schenectady, N. Y. The impurities 
in Babbitt metals are kept under very satisfactory control with great economy 
resulting from saving in the analyst’s time and in inventory. In addition to this 
saving the accuracy of results of spectrographic examination are superior to those 
obtained by the average routine analyst.) 

Vickers, Ltd., of River Don Works, Sheffield, in a private communication report the 
constant daily use for nearly 12 mo. of the spectroScope in the steel warehouse: 
“The operators have now reached a state of efficiency sufficiently high to detect bars 
of wrong quality in a batch with almost unfailing accuracy, and it is possible to state 
that the presence of chromium or nickel can be definitely detected when 0.1 per cent. 
of chromium or 0.5 per cent. nickel is present. We find it comparatively simple to 
differentiate by spectroscope between steels containing, for instance, the following 
amounts of nickel and chromium: 

““(a) A carbon steel containing less than 0.5 per cent. nickel and one containing 
1 per cent. nickel. 

“(b) Case-hardening nickel steels containing 2, 3, or 5 per cent. of nickel. 

““(e) A 3 per cent. nickel steel from a 3 per cent. nickel chrome steel. 

“(d) Nickel-chrome steels containing 0.5, 1 or 1.5 per cent. chromium, respectively. 

“The spectroscope is also used in this department to determine the quality of 
scrap selected at random from the bins of other departments, and it is found quite 
possible to say whether a piece of steel is carbon scrap or nickel scrap. 

“We find that the time taken to carry out a spectroscopic observation is about 
30 sec. to 1 min, when testing a batch of light bars of the same size and quality— 
heavier bars, of course, require more handling and cannot be dealt with quite 
so expeditiously.” 

The Brown-Firth Research Laboratories, Sheffield, also report the successful use 
of the spectroscope in distinguishing between nickel-chrome steel and chrome-vana- 
dium steel, and state that the instrument seems to justify its adoption in the 
works’ routine. 


DISCUSSION 


H. G. pz Laszio, Cambridge, Mass. (written discussion).—I have read this paper 
with great interest. It is an excellent summary of recent work on the applications of 
the spectrograph to chemical analysis, besides giving many new data on the subject 
as worked out in the Hilger laboratories. 

In the Spectrographic Department that has recently been opened at the Massa- 
chusetts Institute of Technology, we have had occasion to estimate platinum in silver 
beads in connection with the analysis of some platinum ores.6 Approximately the 
same set-up was used as described by the authors for spark spectra. Constancy of 
the spark source, which is of course essential to the accuracy of the method, was 
achieved by using a Marconi }4 kw. field transmitter set. This set contains a con- 
verter to which is attached a rotating spark gap. The spark of the light source was in 
series with the moving gap. The secondary circuit was therefore broken about 600/ 
sec. It was found that the percentage of platinum in silver could be estimated to 
within 10 per cent. of the total platinum present. The raies ultimes of the spark 
spectrum of platinum were found to be the following in International A units, arranged 
in the order of sensitivity, 3064.71, 2830.29, 3204.05, 2719.02, 3042.62. 


6 Ind. Eng. Chem. (1927) 19, 1366. 
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_ Experiments are now being made on the estimation of tetra ethyl lead in gasoline. 
This is done by photographing the spectrum of the flame of the anti-knock gasoline 
when burned in a special lamp. The intensity of the lead line indicates the amount of 
tetra ethyl lead present. 

In considering the application of spectroscopy to analysis one must not forget 
that a vast number of organic compounds may be recognized and estimated quanti- 
tatively, both in solution and in the state of vapor by means of their absorption 
spectra. Thus 1/10,000 mg. of benzol may be detected in air. This would seem to 
indicate that many of the fatal accidents due to benzol poisoning in rubber factories 
might be avoided by a spectrographic control of the air in the building. 


The Production of Metallic Single Crystals 


By J. A. M. van Limmpt,* ErnpHoven, Honianp 


(Detroit Meeting, September, 1927) 


Stvce the discovery of von Laue, that a crystal forms a natural grating 
for X-rays, our knowledge of the structure of solids has gone forward 
with rapid strides. This progress is not only of purely scientific interest, 
but has also yielded direct technological results. 

One of the most valuable results is the broadening of our knowledge 
of the structure of pure metals and alloys. To promote these studies it 
is often desirable to have at our disposal pieces of metal consisting of one 
single crystal. 

As is sooften the case in the natural sciences, we obtain the best results 
by making our earliest experiments on pure, simple materials and avoid- 
ing unnecessary complications. The Cryogen Laboratory at Leyden 
followed this method with much success, because the work was done at 
such low temperatures that the heat movement of the atoms was almost 
absent. Similarly we can simplify the studies of metals by leaving out 
of consideration the influence of the grain boundaries and the mutual 
influence of the crystals by using unicrystalline instead of polycrystal- 
line metal. 

Methods of making single crystals have been scientifically studied 
during the past few years. Some methods were already known in the 
arts, but these have been improved and new methods have been devel- 
oped. The methods for making metallic single crystals may be divided 
into the following groups: 

A. From the liquid state 

B. From the gaseous state 

C. Electrolytically 

D. By reerystallization in the solid state 


Metuop A 


1. Tammann’s Method..—Tammann succeeded in making bismuth 
single crystals of a maximum length of 20 em. by undercooling the molten 
metal 0.1 to 0.3° C. below its melting point in glass tubes of a maximum 


* Physical chemist, Philips’ Lamp Works. . 
1Lehrbuch der Metallographie (1923) 16; F. Stéber: Zettschr. fiir. Krist. (1925) 
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diameter of 1.5 mm. By cooling the closed end somewhat a crystal 
nucleus was formed which absorbed the remaining liquid metal in the 
tube and thus formed a single crystal. 

This method has been improved by Obreimow and Schubnikow,? who 
used tubes, drawn out to a capillary on one end, which were put vertically 
in a furnace. The capillary end was cooled by blowing an air current 
against it. In this way single crystals of bismuth, zinc, tin, antimony, 
magnesium, aluminum and copper were made. 

2. Czochralski’s Method.A—This much resembles the preceding 
method. Czochralski started with a crucible containing the molten metal 
at the freezing temperature. This metal was drawn upward from the 
crucible by means of an auxiliary wire, which moved vertically with a 
uniform motion. Some millimeters above the surface of the molten metal 
solidification started and if care was taken to keep the speed with which 
the auxiliary wire was drawn upward the same as the speed of erystalliza- 
tion, he succeeded easily in making long single crystal wires. 

If he drew too quickly, the wire broke; if he drew too slowly, poly- 
crystalline wires were produced. This could be proved easily by etching 
the surface. 

In this way he could also measure the speed of crystallization in a very 
simple manner, the rate being about 0.2 mm. per sec. This method has 
been extended and improved by Gompers* and Mark, Polanyi and 
Schmid,*® who made single crystals of lead, zine, tin, aluminum, cadmium 
and bismuth. 

Metuop B 


These methods start with a single crystal, obtained according to 
another method. This single crystal serves as a nucleus and grows to a 
larger single crystal. 

From the beginning of the incandescent lamp industry methods have 
been known for depositing tungsten metal on a glowing wire. One of 
these was Lodyguine’s method,* in which a mixture of tungsten chloride 
vapor (WCl.) and H, strikes the glowing wire; another was that of Iseki,? 
in which WCl, vapor alone strikes the glowing wire. In the first case 
the following reaction takes place: 


WCl, + 3H2— W + 6 HCl. 
In the second case the tungsten comes from the simple decomposition: 
WCle = W + 8Clh. 


* Zeitschr. fiir Physik. (1924) 25, 31. 

8 Zettschr, fiir phys. Chem. (1918) 92, 219. 

4 Zeitschr, fiir Physik, (1922) 8, 184. 

5 Zeitschr. fiir Physix. (1923) 12, 60. 

°U. 8. Patent No. 575002 and No. 575668 (1893), 
7 Eng. Patent No. 3509 (1906). 


J. A. M. VAN LIEMPT 309 


This last reaction is reversible, WCl beings formed at dull red heat, 
and above 1500° the compound is decomposed into its elements. 

1. Koref’s Method.3—The first reaction mentioned was used by Koref 
to make a glowing tungsten single-crystal wire (Pintsch wire) grow. 
The wire is stretched out between two electrodes in a horizontal furnace, 
which is held at about 100° C. Hydrogen at a pressure of 12 mm. of Hg 
passes through a reservoir which leads into the furnace. The furnace 
contains WCl., which is decomposed as described above and deposits on 
the incandescent wire, which has a temperature of about 1000° C. The 
original wire grows single crystalline. In a more recent publication, 
Koref, in codperation with Fischvoigt, has stated that he succeeded in 
getting single crystals of molybdenum, tantalum, iron, zirconium and 
titanium in a similar way.?® 


Fig. 1.—THE SMALL CIRCLE IN THE MIDDLE IS A CROSS-SECTION OF THE ORIGINAL 
PINTSCH WIRE. THE INNER SQUARE IS TUNGSTEN, SURROUNDED BY A LAYER OF 
MOLYBDENUM. ErcHant,* K;FE(CN)s + NaOH. X 70. 


2. Van Arkel’s Method.1°\—Van Arkel used the second reaction men- 
tioned in making thin single-crystal wires grow. In this case a V-wire 
hanging vertically in pure WCls vapor was made into a thick tungsten 
bar of a maximum thickness of 9 mm. at a temperature of 1600-1800° C. 
The chlorine arising from the decomposition is again converted into WCls 
by tungsten powder, located at the bottom of the reaction vessel. The 
powder is held at 400°. The chlorine thus participates cyclically. 
Fig. 1 shows a cross-section of a single-crystal wire grown in this way. 
The nucleus wire may be seen distinctly, while the polygonal cross-sec- 
tion (the nucleus wire grows 4-, 6- or 8-sided according to the orientation 
of the original crystal) is certain evidence of the unicrystalline nature. 


8 Zeitschr. fiir Elektr. (1922) 28, 511. 

9 Zeitschr. fiir techn. Physik. (1925) 296. 

10 Physica (1922) 2, 56. 

* 962 gm. K3Fe(CN). + 25 gm. NaOH in 1 1. water. 
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With this method we can obtain the same results with molybdenum and 
i uy! 
even produce layer-shaped single crystals of tungsten and molybdenum. 


Meruop © 


This method is used by the writer.!2 In this the single crystal is 
produced electrolytically at the surface of the metal, the latter being used 
as a cathode. In this way a much thicker single crystal was obtained 
from a small single crystal wire, which served as a cathode in a bath of 
molten sodium tungstate. The anode was a tungsten cylinder in the 
axis of which the cathode wire was placed. See Fig. 2. 


Metuop D 


1. Method of Schaller and Orbig—This method was worked out by 
Schaller and Orbig when they were employed at the Pintsch Glowlamp- 
works in Berlin. This is a modification or adaptation of the method 


Fra. 2.—PINTScH SINGLE-CRYSTAL WIRE ELECTROLYTICALLY GROWN UP. ETrcHANT, * 
Ks3FE(CN)s + NaOH. &X 70. 
of making pressed or squirted tungsten filaments. In this case very finely 
divided tungsten powder was made into a paste with a binder and was 
squirted into thin threads through diamond dies. Then these filaments 
were heated at a high temperature by means of electric current. During 
this process sintering takes place and the small tungsten crystals grow into 
larger crystals. Such wire was always polycrystalline and especially 
at the boundary between two crystals, which sometimes occupied the 
whole cross-section of the wire for a short length, and permitted displace- 
ment of one section of the filament with respect to an adjacent section, 
producing offsetting. This was especially noticeable on alternating 
current. The development of Schaller and Orbig consists in sintering so 


" Geiss and v. Liempt: Zeitschr. fiir Metallk. (Aug., 1924). 


J. A. M. van Liempt: Zeitschr. fiir Elektr. (1925) 249. This article gives all 
details. 


*262 gm. K3Fe(CN). + 25 gm. NaOH in 1 1. water. 
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that the small crystals grow into one. Their method is somewhat 
analogous to that of Czochralski. Instead of molten metal, however, 
there exists a microcrystalline tungsten mass. They lead the squirted 
and dried wire through a region of very high temperature (2500° Ce) 
with a speed equal to the speed of grain growth (up to 0.1 em. per sec. ). 
This hot region is obtained in a furnace with a short length of helically 
wound tungsten wire or by leading the squirted wire over two contacts 
lying near each other, and passing electric current through the squirted 
tungsten itself.!% 

Characteristic of the process is the fact that its success is promoted 
by adding a small percentage of thoria’ (2 per cent.) to the tungsten. 
ThO: is a highly refractory oxide, which does not even possess an appreci- 
able vapor pressure at 2500° C. The part it plays in the formation of 
single crystals is not known with certainty. 

As we have seen, the so-called Pintsch wires, which can be made only 
up to a limited thickness, form the starting product for thicker single 
crystal bodies. Drawn tungsten wire has also been made into a single 
crystal wire by heating in a manner similar to that used in the Pint- 
sch process.!* 

2. Sauveur’s Method.'*—As far as I know, Sauveur was the first (1912) 
to use the method of critical strain for the production of very large crys- 
tals. Later on several investigators successfully applied the same 
principle to various metals (Czochralski, Davey, Carpenter and Elam). 
In order to understand and explain this method, we must first explain 
something about deformation and recrystallization of metals in general. 
Deformation of metals is possible on account of the atomic planes present 
in the crystal; these planes can glide along each other and are therefore 
also called slip planes. 

If, for example, we draw out a single-crystal wire, these planes are 
perceptible with the naked eye, because they can be formed unhindered.'° 
In polyerystalline material this is not the case. There the crystals hinder 
each other in such a way that formation of free slip planes is out of the 
question. We have here gliding along bent planes, so-called bent slip- 
ping. In this way, strains are produced in the crystal because the 
original distance of the atoms has not remained quite the same and the 
electron lattice has been distorted.!7 The deformed metal now isin a 
labile condition. The lability is locally the greater as the strain increases. 


13 German Patent 291994 (1913). 
Bottger: Zeitschr. fiir Elektr. (1917) 23, 121. 
14 Goucher: Eng. Patent 174714 (1920). 
15 Metallography and Heat Treatment of Iron and Steel, 265. 
16 See Polanyi and Masing: Ergebnisse der exakten Naturwissenschaften, Band II, 
199. 
17 Geiss and van Liempt: Zeitschr. fiir Metallk. (July, 1926). 
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If the deformed metal now is brought to a high temperature, there will be 
an inclination to return again to the stable condition. Let us imagine 
that in a strongly deformed piece of metal there is a strain situation as 
represented in Fig. 3, in which case the strain either of the nucleus lattice 
or of the electron lattice in absolute value is expressed as a relative func- 
tion of the natural distance of the atoms or valence electrons. 

If we heat the places where we have a situation a, these places will 
become metastable and at a certain temperature change into the normal 
stable lattice b. 

The crystal orientation of all the places 6 will generally be different, 
as they come into existence independently of each other. These 
extremely small crystals b now behave like a solid crystal in an under- 
cooled fluid and become crystallization centers for the neighboring c 
material. By heating at a high temperature, the metal recrystallizes, 


Fig, 3.—SHOWING MANNER OF RECRYSTALLIZATION IN SEVERELY COLD-WORKED METAL, 


forming new crystals (Fig. 3) which in their turn may combine to form 
larger individuals, if heated longer or at a higher temperature, It has 
now been possible to determine that there exists a certain connection 
between the degree of deformation and the size of the crystals that exist 
after the recrystallization. We shall not dwell on this, as it is unnecessary 
for our further discussion. We shall only consider the region of the small 
deformations. It appears that if the degree of deformation has a certain 
critical (always small) value, very large crystals come into existence after 
recrystallization. Carpenter and Elam, for example, in this way! 
found that annealed aluminum bars, which were stretched 1.6 per cent. 


and then heated slowly during 100 hr. from 450° to 600°, were changed 
into single crystals. 


8 Proc. Roy. Soc. (1921) A 100, 329. 
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The explanation of this is clear if we bear in mind that, especially 
with small deformations, the strain situation will be different from that in 
severely deformed metal. 

In favorably situated crystals hardly any strains will occur with small 
deformations whereas in unfavorably situated crystals rather strong 
internal strains can occur. The strain distribution is always irregular, 
therefore we obtain such shapes as that in Fig. 4. Here a place near a 
will become metastable at a much lower temperature than places marked 
b. Hence, if the heat is not too high and the temperature is carried up 
slowly, only a will become a nucleus and will absorb hills 6 as well as 
valleys c into a single crystal. If the metal thus deformed is heated 
suddenly to a much higher temperature, a and b become nuclei and the 
metal recrystallizes in polycrystalline form. 

The method described has been applied successfully to aluminum, 
copper, tungsten, molybdenum and iron. 

3. Alterthum’s Method.'8—In his experiments with tungsten bars, 
Alterthum followed quite a different procedure in obtaining large single 


a 


Fic. 4.—SHoWING MANNER OF DEFORMATION IN CRITICALLY STRAINED METAL. 


crystals. He made use of the peculiar effect H,.O has on small tungsten 
crystals. For example, if we press tungsten powder into bars, sinter 
these and then heat them about one hour just below their melting point 
(3268°) in an atmosphere of moist hydrogen, these bars may grow into 
single crystals. This is explained by the fact that the smallest tungsten 
particles are oxidized by HO. The tungsten oxides thus formed are 
volatile. They deposit on the larger tungsten particles and are at the 
same time reduced, as the H,O + Hz mixture does not attack the big 
grains. Perhaps a part of the H. is in the atomic state. 


19 Zeitschr. fiir Physik. Chemie (1924) 110, 1. 
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It is understood that the above-mentioned methods, which are used 
by scientific investigators, are of the greatest importance for the progress 
of the metallographic and crystallographic sciences. Mechanism of 
deformation, recrystallization phenomena, conductivity, elastic proper- 
ties and diffusion have been and are still being studied daily on single 
crystals. If knowledge is gained about single crystals, it can be utilized 
in the interpretation of polycrystalline material, the complex nature of 
which would always have remained obscure without this prelimin- 
ary study. 


DISCUSSION 


L. W. McKernan, New Haven, Conn.—What work of Czochralski’s in the 
improvement of Sauveur’s method is referred to? 


S. L. Hoy, Schenectady, N. Y.—I should like to make a few additions to this 
very admirable summary of the methods of preparing single crystals. For instance, 
the work of Bridgman” in producing single crystals from the molten state by means 
of a mold brought to a fine point of bottom is omitted. That work is credited entirely 
to Tammann and the two Russians. 

Secondly, a method of producing single crystals of iron was just described by 
Mr. McKeehan.*!| Presumably unknown to most people, I described this method 
myself before the Washington Chapter of the American Society for Steel Treating,?2 
and it is recorded in the write-up of my lecture. The method did not receive any 
publicity and it is not to be wondered that Mr. MeKeehan and Mr. van Liempt did 
not know of it. It is one that is perfectly obvious, I think, and on that account I 
did not stress it. 

Mr. van Liempt refers to the work of Sauveur in his well-known paper of 1912. 
I have always been surprised that the earlier work of Charpy?’ has been neglected 
even by Sauveur. Charpy, in 1910, published his results in that field, showing the 
effect of a Brinell impression in steel in producing exaggerated grain growth and 
this, so far as I know, was the first time attention had been called to this method of 
producing grain growth by crystal strain. 

I would say that neither Charpy nor Sauveur produced single crystals by this 
method. Subsequently Mr. Ruder,24 in the research laboratory at Schenectady, 
produced real single crystals of silicon steel by utilizing the principles of erystal 
strain, a method which later on was modified by others, including Carpenter and 
Blam and Czochralski. 

The so-called Carpenter and Elam method of producing single crystals by strain- 
ing and annealing is referred to on the Continent as the Czochralski method. I 
thought, at first, that this term applied to Czochralski’s method of fishing crys- 


* P. W. Bridgman: Certain Physical Properties of Single Crystals of Tungsten, 
Antimony, Bismuth, Tellurium, Cadmium, Zine and Tin. Proc. Amer. Acad. Arts 
and Sci. (1925) 60, 305. 

21 See page 453. 

2S. L. Hoyt: Lecture before Washington Chapter, Amer. Soc. Steel Treat. 
(1926) 356. (Not in the bound volume. ) 
°° G. Charpy: Rev. Mét. (1910) 7, 655. See also H. LeChatelier: Rev. Mét. (1911) 
8, 370. 


**W. E. Ruder: Trans. (1913) 47, 569; Trans. Amer. Soc. Steel Treat. (1925) 
8, 23. 
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tals out of the melt, but the Carpenter and Elam method is also referred to as the 
Czochralski method. 


Z. Jerrries, Cleveland, Ohio.—As early as 1916 Ruder gave me a crystal of 
iron-silicon alloy about 14 in. long, 1 in. wide and 46 in. thick. Ruder made a 
number of tests on crystals approximately this size. 

Also by the method described as the Czochralski method, and the Carpenter 
and Elam method, Sykes produced single crystals of molybdenum about 1918. It 
is true that his test specimens did not consist of one single crystal but of a number 
of crystals comprising the full cross-section of the mokybdenum wire, several of such 
crystals comprising the length of the test specimen. Inasmuch as fracture took 
place in a single crystal about halfway between the two grain boundaries, Sykes 
really tested single crystals of molybdenum‘and correctly described their properties 
with respect to tensile strength, reduction of area, and the wedge type of fracture. 


J. A. M. van Liempr (written discussion) —Answering Mr. McKeehan, Czochral- 
ski has published two articles on the production of large and single crystals by the 
method of Sauveur.”® 

The work of Sykes, mentioned by Dr. Jeffries, is known to the author, but was 
not mentioned because, as Dr. Jeffries pointed out, “his test specimens did not 
consist of one single crystal.” For the same reason, the report of de Boer on zir- 
conium crystals is omitted.” : 


*° C. Czochralski: Metallographische Untersuchungen am Zinn und ihre funda- 
mentale Bedeutung fiir die Theorie des Formanderung Bildsamer Metalle. Intern. 
Zeitschr. fiir Metallk. (1916) 8, 1. 

Verlagerungshypothese und Réntgenforschung. Zeitschr. fur Metallk. (1923) 
15, 62. 

26 J. H. de Boer and J. D. Fast: Uber die Darstellung der reinen Metalle der 
Titangruppe durch thermische Zersetzung ihrer Jodide. Zeitschr. anorg. und allgem. 
Chem. (1926) 153, 1. 


Ternary Systems of Lead-antimony and a Third Constituent* 


By R. A. Moreen, L. G. Swenson, F. C. Nix anp E. H. Roserts, Cuicaco, It. 


(New York Meeting, February, 1928) 


Tue binary system lead-antimony has been the subject of compre- 
hensive investigations in these laboratories by Dean! and his associates. 
The effect of a third constituent on this system, particularly on the lead- 
rich alloys in which dispersion hardening was found, has a commercial 
value as well as an academic interest. This paper covers the effect of 
the addition of copper, bismuth and tin, all of which are likely to be 
found in commercial lead-antimony alloys, and is divided into three 
parts, as follows: 


I. The System Lead-Antimony-Copper 
II. The System Lead-Antimony-Bismuth 
III. The Lead Corner of the System Lead-Antimony-Tin 


These three systems are of three different types, and hence may be 
considered as covering three general kinds of additions. Bismuth forms 
no compounds with either lead or antimony and forms solid solutions 
with both. Copper forms several compounds with antimony as well as 
solid solutions but with lead it forms a two liquid layer system and no 
appreciable solid solution. Tin is soluble in both lead and antimony in 
the solid state and also forms a compound with antimony. The effect 
of small amounts of bismuth on the lead-antimony alloys is small, having 
no appreciable effect on the solubility of antimony. The temperature 
of the solidus floor is lowered appreciably by the presence of bismuth, 
cutting down the range of heat treatment. Copper, on the other hand, 
due to compound formation, increases the apparent solubility of anti- 
mony. The excess antimony is tied up with the copper finally and so 
is not available for dispersion hardening. The net result of addition of 
small amounts of copper is to shift the dispersion hardening peak of the 

* Contribution from the Manufacturing Development Branch, Hawthorne Works, 
Western Electric Co. 

‘R. 8. Dean: The System Lead-antimony. Jnl. Am. Chem. Soc. (1923) 45 
1683. 

R..8. Dean, W. E. Hudson and M. F. Fogler: The System Lead-antimony. 
Ind. & Eng. Chem. (1925) 17, 1246. 

R.S. Dean and W. E. Hudson: Grain Growth in Lead Containing One Per Cent. 
of Antimony. Jnl. Am. Chem. Soc. (1924) 46, 1778. 


R. 8. Dean, L. Zickrick and F. C. Nix: The Lead-antimony System and Harden- 
ing of Lead Alloys. Trans. (1926) 73, 505. 
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lead-antimony alloys to a higher antimony content. Tin has a deleteri- 
ous effect on the dispersion hardening of lead-antimony alloys. Although 
the addition of tin does not change the solubility of antimony at high 
temperatures appreciably, it has a tendency to hold it in solution at room 
temperature, thus cutting down the amount of antimony available for 
hardening. At the same time, the solidus floor is lowered, shortening 
the range of heat treatment. 


¥ 
The System Lead-antimony-copper 


By Rates A. Morcen, Foster C.- Nix anp Lisiie G. Swenson 


The only previous work on this system, which has come to our 
attention, was done by H. Schack,? who made an investigation of the 
interior of the diagram. He used microscopic data and some cooling 
curves, so that he obtained the general direction of the isotherms and the 
outline of the two liquid layer surfaces. Since, for purposes of cable- 
sheath manufacture, leads containing copper are used, it is important to 
know the effect of copper. It was, therefore, thought advisable to supple- 
ment Schack’s results with further data, especially near the lead end of 
the diagram. 

The three binary systems which form the outline of the ternary dia- 
gram are rather well known. The system lead-antimony has been 
extensively investigated in these laboratories. In a recent work, 
Schumacher and Nix‘ checked the solidus line very accurately. With 
the use of a magnetic method, Endo® has given evidence for a solid 
solubility of lead in antimony of 5 per cent. by weight. The system 
copper-antimony has been investigated by H. C. H. Carpenter,’ H. 
Reimann,’ N. S. Kournakopff and K. F. Beloglasoff.8 Three com- 
pounds, Cu;Sb2, CusSb and Cu.Sb are formed; Cu;Sb2 breaks down into 
the other two on cooling. Antimony forms a solid solution with copper 
up to 8 per cent. by weight, and Endo’ has shown that copper forms a 
solid solution with antimony up to 1.4 per cent. The system copper- 


2H. Schack: Das ternire System Kupfer Blei-Antimon. Zeitschr. anorg. Chem. 


(1923) 132, 265. 

3R. S. Dean: Op. cit. 

4. E. Schumacher and F. C. Nix: The Solidus Line in the Lead-antimony 
System. Proc. Inst. Metals Div., A. I. M. E. (1927) 195. 

5 H. Endo: On the Relation between the Equilibrium Diagram, Etc. Scv. Repts. 


Tohoku Imp. Univ. (Sendai) (1925) 14, 503. , 
6H, C. H. Carpenter: The Copper-antimony Equilibrium. Intern. Zeitschr. 


Met. (1913) 4, 300. 

7H. Reimann: Zeitschr. Meiallkunde. (1920) 12, Bail. pe 

8 N. S. Kournakopff and K. F. Beloglasoff: Des composés de cuivre et d’antimoine. 
Rev. Metal. (1922) 19, 588. 

9H. Endo: Loe. cit. 
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lead brings in complications due to the formation of two liquid layers. 
This system has been considered by Friedrich. !° 


EXPERIMENTAL PROCEDURE 


The materials used were Doe Run lead, a desilverized Southeastern 
Missouri product, Chinese antimony analyzing 99.65 per cent. antimony, 
and electrolytic copper of 99.94 per cent. purity. Melts were made in a 
graphite crucible heated in an electric furnace. Many of the composi- 
tions were checked analytically but in no case was an appreciable differ- 
ence found from the calculated amounts. 


TaBLeE 1.—Cooling-curve Breaks 


Composition 
; = Breaks, * 
Cu, Sb, Pb, Degrees Centigrade 
Per Cent. Per Cent. Per Cent. | 
i | 

5 5 | 90 627, 428, 272, 252 

5 10 | 85 | 629, 490, 284 

5 13 | 82 | 609, 273, 254 

5 16 79 | 588, 521, 252 

5 40 55 | 474, 410, 252 

5 50 45 | 4388, 248 

5 60 35 | 480, 446, 246 

5 80 15 527, 460, 246 

10 10 80 | 628, 460, 310, 250 

10 13 77 | 630, 481, 400, 288, 250 
10 20 70 | 630, 285, 251 

10 30 60 | 546, 534, 338, 250 

10 40 50 | 517, 490, 402, 393, 251 
10 50 40 | 485, 434, 251 

10 60 30 468, (practically flat), + 251 
10 | 70 20 503, 479, 251 

10 80 10 | 530, 485, 248 
20 10 70 | 610, 428, 416, 321 
20 30 50 610, 530, 304, 250 
20 | 50 | 30 540, 440, 251 
20 | 70 10 | 498, 493, 251 
20 | 75 5 | 504, (practically flat), 251 

2 5 93 | 300, 247 

2 10 88 268, 250 

2 13 85 | 247, (flat) 


* More than three breaks occur in the two-liquid-layer region where it was not 
possible to always maintain equilibrium between the two layers. 


} “Practically flat” indicates the simultaneous separation of two solids giving a 
larger break. 


10K. Friedrich: Untersuchungen iiber Boniohtcn bildende Systeme. Met. u. Erz. 
(1918) 10, 575; Metall. (1907) 4, 300. 


R. A. MORGEN, L. G. SWENSON, F. C. NIX AND E. H. ROBERTS 319 


The cooling curves were made with the aid of a chromel-alumel 
thermocouple, protected by a silica tube. The curves were drawn by 
a Leeds and Northrup recording potentiometer. The potentiometer and 


Cu 


44 
AL 
LEEESS 


ORES 


Fig. 1.—DIsAGRAM OF SYSTEM COPPER-LEAD-ANTIMONY. 


Fig. 2.—PLASTER MODEL OF SYSTEM COPPER-LEAD-ANTIMONY. 


thermocouple were calibrated using the melting points of tin, lead, zine 
and aluminum. After complete solidification, the melts were cut longi- 
tudinally and investigated for evidence of two liquid layers. Photo- 
micrographs were taken to give the shape and type of erystallization 


a 
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that had taken place. Table 1 gives the typical cooling-curve data on 
the melts made near the Pb-Sb line and in the vicinity of the lead corner. 


EXTENT oF THE MIsciBILiry GAP 


The ternary diagram of the system is given in Fig. 1. Fig. 2 is a 
photograph of a plaster model of the system. The shaded surface repre- 
sents the two-liquid-layer region. Such a model is beneficial in visual- 
izing the contours of the system. The shape of the projection of the 
shaded surface, DFTGL, has important practical applications in that it 
determines which alloys may be used to get a homogeneous mass. Table 
2 gives the composition of melts used to locate the extent of the two- 
liquid-layer system. Usually the existence of two liquid layers could be 
seen macroscopically in the frozen melt, but in doubtful cases, close to 
the line, the microscope was used. 


TaBLE 2.—Location of Areas of Two Liquid Layers 


Melt | Cu, Sb, | Pb, No. of Liquid 
No. Per Cent. Per Cent. Per Cent. | Layers 
5 5 10 85 2 
101 5 5 | 90 | 2 
9 5 | 15 | 80 | On Boundary 
*] 10 | 10 | 80 | 2 
14 10 20 70 _ On Boundary 
15 15 20 65 z 
17 15 | 25 | 60 On Boundary 
+20 18 | 22 60 | 2 
16 20 | 20 60 | 2 
68 | 20 30 | 50 | On Boundary 
18 25 | 30 45 2 
63 30 40 | 30 1 
| 30 30 | 40 2 
*16 | 35 | 35 30 2 
*1] 40 | 30 | 30 | 2 
64 40 35 | 25 | 2 
69 40 40 20 | On Boundary 
*10 50 | 20 30 | B 
FP | 50 25 25 2, 
ihe 2 | 50 | 30 20 2 
79 | 55 30 15 2 
80 | 55 | 35 10 2 
Bo 60 10 30 2 
78 60 | 20 20 2 
*60 60 20 20 2 
75 | 60 25 15 2 
81 60 35 5 1 
77 65 15 20 1 
76 65 25 10 On Boundary 


SS a cae nee ee an a ea ee eee teers 


* Schack’s values. 
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The point F occurs at about 2.5 per cent., or the limit of solid solubility 
of antimony, in lead. The direction of DF is almost perpendicular to 
the Pb-Sb line. At F there is a sharp break, the curve remaining almost 
horizontal to T and then describing a wide curve to G, which is very near 
the Cu;Sb»2 line. The miscibility gap does not cross the 5 per cent. Pb 
line, which is in accordance with the observation of Endo! that lead is 
soluble in solid antimony up to 5 per cent. lead. Up to this concen- 
tration of lead, the properties of the liquid, are very similar to pure 


BiG.wae Fig. 4. 


Fic. 3.—Metr 63 (30 per ceNT. Ps, 40 per CENT. SB, 30 PER CENT. CU) SHOWS 
ROUNDED PARTICLES OF CusSB RESULTING FROM DECOMPOSITION OF Cu; SBo >< 100. 

Fic. 4.—Metr 26 (10 per cent. Pz, 70 PER CENT. SB, 20 PER CENT. CU); PRIMARY 
Cu,SB APPEARS AS DARK NEEDLES. XX 100. 


Reduced to 34 original size. 


antimony. From G the miscibility gap curve returns to the Cu-Pb axis 
rather sharply at L. This is to be expected because in this region, in the 
liquid state, practically all the antimony is tied up as Cu;Sbe, and so the 
system to be considered is CusSbe, Pb,Cu. 


GENERAL FEATURES OF SINGLE Liquip PHase PorTIONS 


The location of the areas in which different constituents separated as 
primary crystals will now be considered. The area Cu-LNM represents 
the primary crystallization of the solid solution of antimony in copper. 
In the area MNG-Cu;Sb2, the primary crystals are solid solution of 
copper in Cu;Sbz. This breaks down on cooling, giving Cu;Sband Cu2Sb. 
Cu;Sb-GTP encloses the area in which Cu;Sbe separates, which decom- 


11H. Hndo: Loc. cit. 
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poses on cooling to Cu;Sb and CueSb. The line 7'P is a peritectic line, 
on one side of which Cu.Sb is found in rounded particles as the result 
of decomposition of Cu;Sb2, and on the other side Cu.Sb is found in 
needles as the primary crystal. This is illustrated by the photomicro- 
graphs of melts 63 and 26 (Figs. 3 and 4). The line H E represents the 
limit of the appearance of primary Cu.Sb; 7. e., the binary eutectic line, 
Cu.Sb-Sb, the area HE-Sb separating solid solutions of copper or lead or 


Fig. 5.—Me tr 22-A (10 per cent. Ps, 80 per CENT. Sp, 10 PER CENT. Cu); PRIMARY 
LIGHT CRYSTALS OF SB SOLID SOLUTION. X 100. 


Reduced to 24 original size. 


both in antimony. Z represents the ternary eutectic of a composition 
containing less than 2 per cent. Cu, and lead and antimony in the pro- 
portion in which they exist in the lead-antimony eutectic and at approxi- 
mately the same temperature, 247° C. No difference in the cooling 
curves could be detected between zero per cent. and 2 per cent. copper 
when lead and antimony were present in the proportions in which they 
exist in the binary eutectic. 


LocaTIon or Lint HE 


Since the point H represents the eutectic point between CuSb 
and Sb, there should be a valley connecting it to the ternary eutectic EL. 
This is represented by the line HE. In order to locate some definite 
points on this line, sectional diagrams of the liquidus surface at 5, 10 and 
20 per cent. copper were drawn. The values were taken from Table 1. 
The 5 per cent. line shows a low point at 50 per cent. Sb. The 10 per 
cent. section has its minimum at 60 per cent. Sb and the line HE is cut 
at 75 per cent. Sb by the 20 per cent. minimum point. Where these 
sectional diagrams cut the two liquid layer areas, there are often more 
than three breaks in the cooling curves. Ordinarily, the first change of 
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slope occurs on the precipitation of a single solid in equilibrium with the 
liquid, the second when two solids are in equilibrium with the liquid, and 
finally the invariant point where three solids and the liquid are in equilib- 
rium. In a two-liquid-layer system, it is seldom possible to cool slowly 
enough to maintain equilibrium between the two liquid layers, so the 
number of breaks is not so significant. 

The position of the line HE obtained from these data was confirmed 
microscopically. On one side of the line the needle-like structure of 
primary Cu2Sb is easily identified (Fig. 4). On the other side of the line, 
white crystals of solid solution of lead or copper in antimony may be 
identified as the primary constituent (Fig. 5). Table 3 gives the result 
of this microscopic evidence. 


TABLE 3.—Location Line HE 


No. of | Cu, Sb, | Pb, Type of Primary 
Sample | Per Cent. | Per Cent. | Per Cent. Crystal* 
34 5 | 60 | 35 Sb 
28 | 5 | 65 30 Sb 
23 5 70 25 Sb 
19 5 75 | 20 Sb 
35 10 60 | 30 Ground Mass 
| Sb and Cu:Sb 
29 10 65 | 25 Sb 
24 | 10 70 | 20 Sb 
36 15 60 | 20 Cu.Sb 
30 5 65 | 20 Cu.8b 
25 15 70 | 15 Cu.Sb 
21 15 85 | 10 Cu.Sb 
31 | 20 | 65 | 15 CuSb 
26 20 70 | 10 Cu.Sb 
| | 


. 
* Cu.Sb: primary needles, dark color; Sb: solid solution of Pb or Cu in Sb, 
jagged white particles. 


That the line HE dips toward the Pb-Sb axis is demonstrated by the 
series of photomicrographs in Fig. 6. Melt 89 of the binary eutectic 
Cu.Sb-Sb shows the characteristic fine-grain eutectic structure. On 
addition of small amounts of lead, the needle-like primary crystals of 
CueSb appear, being distinct when only 0.5 per cent. lead is added. 


Tus Peritrectic Linn, PT 


As noted under the general comments, the peritectic line was located 
microscopically in a manner similar to the location of H E. On one side 
of the line, Cu;Sb: is the primary crystal which, on cooling, breaks down 
into distinctly rounded particles of CusSb, while on the other side needles 
of Cu.Sb are found (Figs. 3 and 4). The melts and their compositions 


are given in Table 4. 
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Fig. 6.—PRIMARY Cu.SB NEEDLES ON ADDITION OF PB TO Cu.SB-SB EUTECTIC. 
a, Mer 89; BINARY BUTECTIC Cu2SB-Ss. x 100. 6, MELT 90; BINARY EBUTECTIC 
Cu.Sp-Ssp pLus 0.5 percent. Pp. X 100. c, Mreut 91; BINARY EUTECTIC Cu.SB-SB 
PLUS 1.0 PER ceNnT. PB. X 100. d, Meur 92; BINARY EUTECTIC Cu2Ss-SB Pius 
5.0 PmR CENT. Ps. X 100. 


Reduced to 2 original size. 


TaB_Le 4.— Location of the Peritectic Line 


aeeeule | anes (ee | star Poe Type Crystal* 
| | 
13s 5 | 20 | 75 | N 
67 10 30 | 60 | Jey, 12h eyavel IN) | 
61 30 | 50 | 20 | R. P ; 
39 | 30 | 60 | 10 | N 
66 | 35 | 55 | 10 | R.P.andN | 


a 


*N, needles. R. P., rounded particles, | 
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Tun PsmupoBINARY LiInE—Cu.Sb-Pb 


Schack!’ showed that the line Cu.Sb-Pb started, from the Cu.Sb side, 
to be a pseudobinary line, but on striking the two-liquid-layer regions, 
it lost its identity as such. If this line is truly pseudobinary, 7. e., mix- 
tures of lead with copper and antimony in the ratio 2 mol Cu to 1 mol Sb, 
the line should reappear in the lead corner of the diagram. If a eutectic 
between Pb and Cu.Sb should exist, it would contain only small amounts 
of Cu,Sb. Inan attempt to locate such a point, Morgen! showed analyt- 


Tensile Strength, kg. per sq.mm. 


Weight Per Cent. Antimony 


Fic. 7.—EFFECT OF COPPER ON TENSILE STRENGTH OF LEAD-ANTIMONY ALLOYS; NOTE 
SHIFTING OF PEAK TO HIGHER ANTIMONY CONTENT DUE TO PRESENCE OF COPPER, 


ically and microscopically that the line is not directed exactly toward 
the lead corner but is shifted by the formation of the lead-antimony solid 
solution. Therefore, on this line the primary crystals, close to the 
lead end, are solid solution of antimony in lead. No CuzSb appears as 
such, but the copper crystallizes as pure copper or CusSb. 


Errect or Copper oN SoLip SoLuBILITY OF ANTIMONY IN LEAD 


The presence of small amounts of copper has a tendency to increase 
somewhat the solid solubility of antimony in lead, at least at the higher 
temperatures. Traces of copper of the order of 0.02 per cent. by weight 
seem to have just as much effect as 0.1 or 0.2 per cent. This would 
indicate that the solid solubility of copper in lead-antimony alloys was 
of the order of magnitude of 0.02 per cent. The values obtained by 


12H. Schack: Loe. cit. : 
13 R. A. Morgen: The Relation between Pseudobinary Lines and Solid Solutions 
in Metallic Ternary Systems. Jnl. Am. Chem. Soc. (1927) 49, 39. 
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conductivity data are given in Table 5. As a consequence of this solu- 
bility, small amounts of copper have the effect of shifting the dispersion 
hardness peak of lead-antimony alloys toward a higher antimony con- 


TasBLe 5.—Effect of Copper on Solid Solubility of Antimony in Lead* 


Temperature, | 0.00 Per Cent. | 0.02 Per Cent. | 0.07 Per Cent. | 0.10 Per Cent. | 0.20 Per Cent. 
Degrees Cu Cu Cu Cu Cu 
Centigrade Per Cent. Sb Per Cent. Sb Per Cent. Sb Per Cent. Sb Per Cent. Sb 

180 1.25 
200 1.36 1.54 720 
220 2.49 | 2.35 
225 | | 2.87 
238 2.05 2203 2.69 | 2.76 
247 Ft 2.457 2.817 


* These data were taken from laboratory records and include the work of W. E. 
Hudson, M. F. Fogler, and E. J. Quinn. 
{ Thermal data. 


tent. While there is no absolute increase in the dispersion hardness of 
the alloys, there is a change in the location of the maximum as shown 
in Fig. 7. 


Tel =UQ2 x 
Fic. 8.—98.95 prr CENT. Ps, 1 PER CENT. SB, 0.05 PER CENT. Cu. PRIMARY BLUE- 
VIOLET CU.SB APPEARS AS DARK NEEDLES. > 400. 


This photomicrograph was obtained with a tl I ; 
cutting developed by F. F. Lucas.14 pen eeee Grates au 


Reduced to 24 original size. 


The effect of copper in the lead corner can be summed up in the state- 
ment that lead-antimony alloys of the compositions corresponding to 
those which form solid solutions act like pure lead toward small amounts 


44P, F. Lucas: Application of Microtome Methods 40/the P 
rerbes for Microscopic Examination. Proc. Inst. Metals Dia. es ian 


R. A. MORGEN, L. G. SWENSON, F. C. NIX AND E. H. ROBERTS 327 


of added copper. Therefore, the pseudobinary line is not Cu.Sb-Pb 
but CuSb-solid solution of Sb in Pb. In attempting to find just where 
the Cu.Sb line cuts the Pb-Sb axis, a melt was made up containing 1 
per cent. Sb and 0.05 per cent. Cu. This corresponds to ordinary cable 
sheath. In this case almost all the copper appears in the form of Cu.Sb, 
but most of it comes out of the last part that crystallizes. Samples 
taken from the edge of the solidified sample showed only isolated crystals 
of CueSb, while in the center, where the last traces of liquid solidified, 
definite crystals of CueSb could be seen (Fig. 8). The CuzSb-Pb solid- 
solution line, therefore, hits the Pb-Sb axis somewhere between 0.05 per 
cent. and 1.0 per cent. Sb. ; 

The role of copper in the lead-antimony alloys is then that of a com- 
petitor with lead for antimony. We may either get lead-antimony solid 
solution and pure copper (some Cu.Sb) or else copper antimonide and 
lead. Any mixture in between may be obtained by proper control of 
concentrations. The separating constituents depend on the partial 
free energies in a lead solution of copper, copper antimonide and anti- 
mony. Very small amounts of copper (less than 0.1 per cent.) act toward 
the lead-antimony solution as if an additional amount of lead were 
added, giving an increased solubility of antimony. However, this 
increased antimony content is not available for dispersion hardening 
and so only shifts the point of maximum hardness toward a higher 
antimony content. 


SUMMARY 


1. Further data have been obtained on the system copper-lead-anti- 
mony and a diagram drawn from the data available to date. 

2. The boundary of the miscibility gap has been more accurately 
plotted. 

3 A relation between solid-solution formation and the existence of 
a pseudobinary line has been pointed out. 

4. The presence of copper shifts the point of maximum hardness in dis- 
persion hardened lead-antimony alloys toward a higher antimony content. 


The System Lead-antimony-bismuth 


By Raten A. Moraen, Foster C. Nix anp Evetyn H. Roperrs 


The ternary system lead-antimony-bismuth, although based on three 
rather well known binary systems, has not been studied, so far as we are 
aware. The lead-antimony equilibrium is well known. The latest work 
on this system has been done by Dean"? and his associates and by Endo.'® 


165 R. 8. Dean: The System Lead-antimony. Jnl. Am. Chem. Soc. (1923) 45, 
1683. 
R. 8. Dean, L. Zickrick and F. C. Nix: Op. cit. 
16H. Endo: Op. cit. 
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The system lead-bismuth has been rather extensively studied by Stoffel, !” 
Barlow,'® Herold,'® and Endo.?° All investigators have agreed that the 
system is a simple eutectiferous one with the eutectic mixture freezing 
at 120° C. and containing 43 per cent. bismuth, 57 per cent. lead. How- 
ever, there has been disagreement as to the extent of the solid solutions 
at both ends. Barlow”! says that the solid solubility of bismuth in lead 
is between 30 and 36 per cent. From cooling-curve data the value seems 
to be about 34 per cent. Lead has a smaller solubility in bismuth, only 
1.0 per cent. at the eutectic temperature according to Barlow. Endo,” 
however, finds 4 per cent. lead soluble in bismuth. 

Alloys of antimony and bismuth have not had the commercial impor- 
tance of those of the other two parts of this ternary system. Asa result, 
this system is not as well known as the others. Huttner and Tam- 
mann” show a break in the curve at 50 per cent. by weight of each sub- 
stance. This work has been repeated by Cook,?4 who fails to find the 
break. The diagram as given by Cook is used as our base. 

From these three binary diagrams it will be seen that the liquidus 
surface of the ternary diagram is comparatively simple. As there are 
no binary compounds, a ternary compound is hardly to be expected. 
The high points on the diagram are on the antimony-bismuth binary line, 
sloping off toward the lines joining the lead-antimony, lead-bismuth 
eutectics, with the ternary eutectic. As no compounds are formed in 
the system, the addition of bismuth to a lead-antimony alloy should 
decrease the solubility of antimony in lead, and the addition of antimony 
to lead-bismuth mixtures should behave similarly. Since bismuth is 
almost twenty times as soluble in solid lead as antimony, the addition of 
antimony to lead-bismuth should have much more effect on decreasing the 
solubility of bismuth than in the reverse case. These assumptions are 
borne out in the conductivity data which follow. 


EXPERIMENTAL RESULTS 


The liquidus and part of the solidus surfaces were obtained by means 
of cooling curves. The materials used were Doe Run lead, purified 


A. Stoffel: Untersuchungen iiber binare und ternire Legierungen von Zinn, Blei 
Wismut und Cadium. Zeitschr. anorg. Chem. (1907) 538, 150. 

8 W. E. Barlow: The Binary and Ternary Alloys of Cadmium, Bismuth and Lead. 
Jnl. Am. Chem. Soe. (1910) 32, 1394. 

9 W. Herold: Das biniire System Blei-Wismut. Zeitschr. anorg. Chem. (1920) 112, 
131. 

20 H. Endo: Op. cit. 

21°W. E. Barlow: Loc. cit. 

22H. Endo: Loe. cit. 

°8 K. Huttner and G. Tammann. Uher die Legierungen des Antimons und Wis- 
muts  Zeitschr. anorg. Chem. (1905) 44, 138. 

4M. Cook: The Antimony-bismuth System. Jnl. Inst. Met. (1922) 28, 421. 
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bismuth, and the best grade of Chinese antimony. The melts were made 
up synthetically and then certain ones, picked at random, were analyzed. 
The analysis in all cases checked within the experimental error. 

The system was then built from a series of profiles, made by holding 
one of the three constituents constant and varying the other two. In 
most cases the profiles were made with constant amounts of bismuth. 
Table 6 gives the breaks in the cooling curves for the 10, 20, 30, and 60 

* 
TaBLE 6.—Breaks in Cooling Curves of Lead-antimony-bismuth Melts 


| 
Per Cent. Pb | Per Cent. Sb | : Per Cent. Bi BE earS, 
| gs 
20 | 70 | 10 566* 
30 | 60 | 10 543* 
40 | 50 | 10 493, 210* 
50 | 40 | 10 | 449, 204* 
70 | 20 10 316, 204* 
80 | 10 10 | 217* 
70 10 | 20 | 193* 
60 | 20 | 20 } 841, 193* 
50 | 30 | 20 | 413, 183* 
40 | 40 20 | 463, 182* 
30 | 50 20 | 510, 118 
20 | 60 | 20 | 542, 125 
10 | 70 20 | 510, 125 
50 | 20 | 30 | 360, 128 
40 | 30 | 30 | 424, 149* 
30 | 40 | 30 | ATI, 121 
20 | 50 | 30 | 516, 122 
35 | 5 60 | 214, 120 
27.5 12.5 | 60 EOD 
20 20 | 60 | 349, 121 
10 30 | 60 466, 125 
5 | 35 60 | ATT, 127, 


* All melts so marked seemed to have a break in the vicinity of 120°; but were 
cooling so slowly that the exact temperature of the break could not be obtained. 


per cent. constant amounts of bismuth. The ternary eutectic is very near 
that of the binary eutectic between lead and bismuth containing less than 
1 per cent. antimony. 

It is interesting to note that in many cases there is only one break in 
the curves (outside of the slight one at the ternary eutectic). This is 
explained by the primary precipitation of a ternary solid solution rich in 
antimony so that the remaining liquid tends toward the composition of 
the ternary eutectic. The profile curves give a clue as to the boundaries 
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of the liquid composition from which the saturated ternary solution 
separates. The appearance of the second break before the ternary 
eutectic point indicates that the liquid composition is no longer changing 
composition along a line directed towards the ternary eutectic. Fig. 9 


Fig. 9.—SYSTEM LEAD-ANTIMONY-BISMUTH. 


Wel ee) ara 5 - 
Fig. 10. PLASTER MODEL OF SYSTEM LEAD-ANTIMONY-BISMUTH. 


represents a projection of the ternary system. The line KLM shows the 
boundary of the region from which the ternary solid solution separates 
and the remaining liquid changes composition on a line directed towards 
the ternary eutectic point. That is, a melt of composition X on cooling 
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would drop out as solid solution, compositions along VP and the remain- 
ing liquid changes along Y7. A melt of the composition Y, on the other 
hand, precipitates the saturated ternary solutions as primary crystals 
and the liquid changes composition.in such a way as to hit somewhere 
along the line BT, giving the second break, then it changes along this 
line to the ternary eutectic T. No attempt was made to find the solid 
solutions in the antimony, bismuth part of the diagram. A plaster model 
of the ternary system is shown in Fig. 10. «The valley connects the 
lead-antimony and lead-bismuth eutectics with the ternary eutectic which 
is very close to the lead-bismuth eutectic. . There is no eutectic between 
antimony and bismuth so that the side slopes down in an unbroken sweep 
towards this valley. 


SOLID-SOLUTION RANGE 


The solid solutions in the lead corner of the diagram were of particu- 
lar interest tous. The change of conductivity of the alloys with composi- 
tion at constant temperature was used to measure the solid solubility. 
In general, the addition of a substance which forms a solid solution causes 
a much more marked drop in the conductivity of a metal than one which 
does not form a solid solution. Therefore, the addition of the solute 
substance beyond the limit of solid solubility causes a break in the con- 
ductivity-composition curve. This method has been used successfully 
in the study of binary systems, and it is also applicable to ternary sys- 
tems. If the amount of one of the substances is fixed, the solid solubility 
of the other two in the presence of this constant amount of third constit- 
uent may be obtained by the method outlined above. 


EXPERIMENTAL RESULTS 


The experimental set-up was a slight modification of the ordinary 
potential drop method. The room temperature values were obtained 
on straight pieces of wire suspended between knife edges. The 100° C. 
values were obtained by winding the wire on an alundum cylinder and 
immersing in a thermostatically controlled crisco bath. 

The first series of experiments were designed to study the effect of 
small amounts of bismuth on the solid solubility of antimony. Alloys 
containing varying amounts of antimony and a constant 1 per cent. of 
bismuth were measured. The results are tabulated in Table 7 and 
plotted in Fig. 11. From these results it is evident that there is little 
change of solubility of the antimony between 100° and 25° C. in the pres- 
ence of 1 per cent. bismuth. The addition of the first few tenths per 
cent. of antimony lowers the conductivity of the lead by formation of 
lead-antimony solid solution. At about 0.5 per cent. antimony the lead 
becomes saturated with antimony, then further addition of antimony 
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TasLe 7.—Conductivity of the 1 Per Cent. Bismuth-lead-antimony Series 
in Mhos per Gram-meter 


Per Cent. Bi Per Cent. Sb Conducnrity, mice y rare 
1.0 0.0 0 .40600* | 0. 30800* 
1.0 0.5 0.38229 | 0.29643 
1.08 0.94 0.37645 | 0.29864 
1.0 1.5 0.37664 | 0.29599 
1.01 2.11 0.38628 | 0.30099 
1.0 2.5 0.37950 | 0.29840 
1.08 2.98 0.38553 / 0.29993 
1.0 4.0 0.38180 | 0.29761 
1.04 4.75 0.29593 
1.0 8.0 0.36151 0.28696 
1.0 12.0 0.34244 0.27425 


MHOS PER GRAM: METER 


a 4 6 3 10 Pe 
WEIGHT °l, ANTIMONY 


a | 
Fic. 11.—Connvcrrivrry ar 25° anp 100° C. or 1 PER CENT. BISMUTH-LEAD-ANTIMONY 
SERIES. 


removes the bismuth from solid solution. During this period there is a 
slight increase in the conductivity. By the time 2.5 per cent. anti- 
mony has been added, there is an appreciable decrease in the conduc- 
tivity caused by the presence of enough antimony-bismuth solid solution. 
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The course of the solid solubility along the 1 per cent. bismuth line, 
at higher temperatures, was traced by means of a series of hardening 
experiments. This group of alloys was annealed at 225° C. and then 
quenched in water. The alloy which showed the maximum increase of 
hardness with age represents the limit of solid solubility at the tempera- 
ture from which it was quenched. These results (Table 8) show that 
the presence of 1 per cent. bismuth has little effect on the solubility of 
antimony in lead up to 225° C. r 


TaBLE 8.—Tensile Strength of 1 Per Cent. Bismuth-lead-antimony in 
Kilograms per Square’ Millimeter 


Per Per Quenched / Aged | Aged Aged Aged 
Cent. Cent. from 72 Hr. 120 Hr. | 72. Hr. 120 Hr. 
Bi Sb 225° C. at 20° | at 20° at 50° at 50° 
1 0.5 2.092 1.974 2.075 3.437 2.0538 
1 aye 2.446 3.16 3.538 4.415 4.42 
1 2.0 | 3.04 5.29 5.605 5.605 5.43 
i ieee | 3.395 5. (2 5.94 5.72 5.49 
1 Set. a 3.800 4.185 4.54 5.25 5.13 
1 4.0 | 3.395 3.592 3.87 4.065 4.065 
1 O20 3.476 3.79 3.945 3.900 4.09 
1 6.0 | 3.636 3.828 3.908 | 3.635 3.89 
1 8.0% ule 4.185 4.38 4.5 le 42345 4.46 
1 | 12.0 | 4.540 4.50 4.56 4.46 4.56 


A second series of conductivity experiments was run to find the effect 
of small amounts of antimony on the solid solubility of bismuth in lead. 
In this set of experiments we encountered the same difficulties met by 
other workers in this field; the lowering of the conductivity due to solid 
solution of bismuth in lead is small compared to that of most other sub- 
stances. The amount of antimony was held constant at 1 per cent. and 
the bismuth content was varied. The conductivity curves (Fig. 12) 
obtained from the data in Table 9 show evidence of two breaks. The 
first possible break occurs with small amounts of bismuth showing the 
mutual solubility of antimony in lead in the presence of the lead-bismuth 
solid solution. This is the same as was found in the previous series. The 
second apparent break comes at 25 per cent. bismuth at 2 © and. at 
26 per cent. at 100° C. This agrees fairly well with the values obtained 
for the solubility of bismuth in pure lead obtained by Herold.” The 
existence of the breaks may be proved by a differential method. When 
the change of conductivity AC, divided by the change of composition, 
A per cent., is plotted against per cent. bismuth, the region of the break is 
clearly shown. From this, therefore, we must conclude that small amounts 


25 W. Herold: Loc. cit. 
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of antimony have little effect on the total solid solubility of bismuth in 
lead; the first few per cent. of bismuth is removed by the antimony and 
then the bismuth acts toward the remainder as if it were pure lead. 


.MHoS PER GRAM-METER 


1 16 } 2H as sz 


Fig. 12.—Conpvuctiviry at 25° AnD 100° C. or 1 PER CENT. ANTIMONY-LEAD-BISMUTH. 


TaBLE 9.—Conductivity of the 1 Per Cent. Antimony-lead-bismuth Series 
in Mhos per Gram-meter 


Per Cent. Bi Per Cent. Sb | pgecade rts | Cont 
0.0 1.0 0.4060* 0.30805 
0.3 10 0.38735 0.30626 
1.08 0.94 0.37645 0.29864 
ib) bats) 0.36983 0.29431 
5.0 120 0.32553 0.26369 
6.0 LEO 0.31471 0.25658 
8.0 1.0 0.29716 0.24420 

10.0 1.0 0.27803 0.23181 
14.0 iO) 0.24609 0.20929 
21.0 1.0 0.20819 0.17964 
25.0 1.0 0.18305 0.16065 
27.0 1.0 0.17115 0.14847 
28.0 it) 0.16713 0.14865 
30.0 0) 0.16417 0.14503 
32.0 0) 0.15950 . 0.14036 
34.0 ih) 0.15487 0.13954 


*Extrapolated value from lead antimony data previously published by Dean 
and his associates. 
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In wires containing equal weights of bismuth and antimony, the 
decrease of the solubility of bismuth in the presence of antimony is brought 
out (Fig. 13 and Table 10). 


MHOS PER GRAM-METER 


2 4 6 7 10 12 14 Ie 
WEIGHT % ANTIMONY PLUS BISMUTH 


Fie. 13.—Conpuctiviry at 25° AnD 100° C. oF WIRES CONTAINING EQUAL WEIGHTS 
OF ANTIMONY AND BISMUTH. 


TaBLeE 10.—Conductivity with Equal Weights of Bismuth and Antimony in 
Mhos per Gram-Meter 


Per Cent. Bi | Per Cent. Sb yee ogy 1 P Conanedvily, 
0.0 0.0 | 0.4180 | 0.3210 
1.08 0.94 0.37645 | 0.29864 
ov | 2.0 0.37019 | 0.29182 
205 ony 0.35305 | 0.28161 
5.0 5.0 0.31674 | 0.25646 
7.5 7.5 0.28547 0.23483 
re 


There seems to be little difference in the curves obtained at 25° and 
100°, but this may be due to the fact that equilibrium was not reached 
at the lower value. Not enough points were taken to determine the 
actual position of the break. From these results, however, it is below 1 
per cent. The actual solubility is probably closer to 0.5 per cent., as this 
is the value for the solubility of antimony in lead at 100° C. 

The effect of bismuth and antimony on their mutual solid solubility 
in lead can then be summed up in a few words. Antimony causes a 
marked decrease in the solid solubility of bismuth in lead when the 
amount of antimony exceeds the solubility of antimony in lead. Up to 
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the saturation value of antimony with respect to lead, there is little 
effect on the solubility of bismuth. The effect of bismuth on the solid 
solubility of antimony is small. Up to 225° C., one per cent. bismuth has 
little or no effect on the antimony solubility. The peak of the dispersion 
hardening curve comes at the same point as in the case of pure lead- 
antimony alloys. However, the solidus floor of the ternary system slopes 
down from the lead-antimony line so that by the time 2.0 per cent. bis- 
muth is added, wires containing 2.5 per cent. antimony partially melt 
at 225 ©, 


SUMMARY 


The system lead-antimony-bismuth has been studied and the follow- 
ing points brought out: 

1. The liquidus surface has been obtained and a ternary diagram 
drawn. 

2. A series of ternary solid solutions rich in antimony and bismuth 
has been demonstrated. 

3 The solid solutions in the lead corner have been studied. 

4. Small amounts of antimony have little effect on the solid solubility 
of bismuth, but larger amounts remove bismuth from solid solution. 

5. Bismuth has little effect on the solid solubility of antimony up 
onesie AO; 

6. Small amounts of bismuth have little effect on the dispersion 
hardening of lead-antimony alloys. Larger amounts decrease, materi- 
ally, the hardening of these alloys, due to the lowering of the temperature 
range over which heat treatment is possible. 


The Lead Corner of the Lead-antimony-tin System 


By Ravtrw A. Morapn AND Evetyn H, RoBErts 


The system lead-antimony-tin has been rather extensively investi- 
eated as far as the liquidus and solidus surfaces are concerned. From the 
work of Campbell and Elder” and of Loebe,” the ternary diagram pic- 
tured in Fig. 14 was obtained. The present investigation was undertaken 
in order to ascertain what happens in the solid phases below the solidus 
surface in the region where lead is the predominating constituent. The 
change of solid solubility with temperature is important in that it deter- 
mines the dispersion hardening properties of the mixtures. 


26 W. Campbell and F. C. Elder: Notes on Lead-tin-antimony. Jnl. Soc. Chem, 
Ind. (1911) 30, 693. 

27 R. Loebe: Uber die Konstitution der terniren Legierungen von Blei, Zinn und 
Antimon. Metallurgie (1911) 8, 7. 


‘row 
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EXPERIMENTAL RESULTS 


The experimental procedure was the same as that used in the lead- 
antimony-bismuth system in the previous section. In addition, however, 
some conductivity values on ‘worked’ wires were obtained. The 
“worked” samples were made by running the wires through the rolls 
into the form of tape whose thickness was about one-third the original 


Fic, 14.—PLASTER MODEL OF SYSTEM LEAD-ANTIMONY-TIN (CAMPBELL AND ELDER 
AND LOEBE). 


diameter of the wire. The results may be divided into six sets 
of experiments: 
1. The solubility of antimony” in lead. 
The solubility of tin in lead. 
The solubility of tin in lead in presence of 0.5 per cent. antimony. 
The solubility of tin in lead in presence of 2.0 per cent. antimony. 
The solubility of antimony in lead in presence of 0.5 per cent. tin. 
6. The solubility of antimony and tin along the 45° line containing 
equal weight per cents. (and also mol per cents.) of tin and antimony. 
2. The solubility of tin in lead had been investigated by Parravano.” 
In order to be sure that our method on wires was comparable with the 
previous work, which was done by the method of Bucher,*® several com- 
parison runs were made. These results, together with those of Parra- 
vano’s are given in Table 11 and plotted in Fig. 15. This solid-solution 
range has also been found by Guillet*' by a hardening method. He finds 


son et 


28 R. S. Dean, L. Zickrick and F. C. Nix: Loc. cit. 

29 Parravano: Gass. chim. tial. (1920) 50, I, 83. 

20 A. Bucher: Untersuchungen tiber die Konstitution der Zinn-Kadmium und der 
Zinn-Wismut-Legierungen. Zetischr. anorg. allgem. chemie. (1916) 98, I, 97. 

31], Guillet: Les Phénoménes de Trempe et leur Généralisation. Chim. et Ind. 


(1922) 7, 211. 


338 TERNARY SYSTEMS OF LEAD-ANTIMONY AND A THIRD CONSTITUENT 


Taste 11.—Solid Solubility of Tin in Lead 


nnn ee EEE 


Per Cent. Tin Degrees Centigrade Source 

1.5 25 Parravano 
B20 50 Parravano 
5.0 75 Parravano 
6.5 100. Parravano 

10.0 150 Parravano 

12.5 162 Parravano 

1376 170 Parravano 

14.5 i ys) Parravano 
betie 28 Morgen and Roberts 
2.4 28 _ Morgen and Roberts _ 
5.8 100 | Morgen and Roberts 
9.5 150 


considerable change in solubility between 150° and 180° C. These 
results check the hardening data given later. 
3. The introduction of small amounts of antimony to the tin-lead 


* Worked samples. 


| Morgen and Roberts 


a ee eee ee 


— 


mixtures has little apparent initial effect on the solubility of the tin. 


150 


\p0 


Weiqut Io TIN 


1S 


fia. 15.—CoMPARISON OF AUTHORS’ VALUES FOR SOLUBILITY OF TIN IN LEAD COMPARED 


WITH THOSE OF PARRAVANO. 


This effect is demonstrated in Fig. 16, the values for which were obtained 
from Table 12. From these results it can be seen that at 67° C. there is 
a possible break in the curve in the vicinity of 4 per cent. tin; the second 
break at 8.0 per cent. tin is due to the past history of the wire (tempera- 


ture of extrusion). 


This break tends to disappear on working the wires. 


: 
. 
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At 150° C. there is a break at 10 per cent. tip. While 
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the points do not 


all fall on the line at the lower temperature, it did not appear advisable to 


continue the experiments long enough to permit all t 


he wires to reach 


Muos PER GRAM-METER 


Wetext 7. TIN 


Fig. 16.—Connpuctiviry at 67° AND 150° C. or 0.5 PER CENT. 


ANTIMONY-LEAD-TIN. 


The 67° curve is dotted to indicate the source of possible breaks; insufficient data 


were obtained to give exact location. 


equilibrium. Enough of the wires were cold worked, to speed up the 


equilibrium process, to demonstrate that the lines as 
tially correct. 


drawn are essen- 


TasLe 12.—Conductivity in Mhos per Gram-meter at 67° and 150° Cenii- 
grade for the 0.5 Per Cent. Sb-Pb-Sn Series 


Per Cent. Sn 67° C. 150° C. 
0.0 0.343* 0. 270* 
0.2 0.34165 0.27091 
0.5 0.34596 (0.34607) 0.26960 (0.27110) 
10 0.33868 
2.0 0.36732 0.27262 
3.0 0.35512 0.27462 
4.5 | 0.37329 0.27269 
6.5 0.36736 0.27482 
8.0 0.37352 0.27500 
9.4 0.37754 0.27756 
10.5 0.39148 0.27736 
12.5 0.40670 0.28789 
14.7 0.41099 0.28873 


* Interpolated values from other data. 
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Muos PER GRAM-METER 


@ spook wike | 
IMMEDIATELY AFTER WORKING 
WORKED ANDAGED | MONTH 


10 ibe} 


5 
Weigut ‘le TiN 


Fic. 17.—Conpuctivity at 28° C. or 2 PER CENT. ANTIMONY-LEAD-TIN (WORKED). 


GRAM -METER 


PER 


MHo0sS 


A} 10 1S 
WEIGHT “fo TIN 


Fig. 18.—Conpucriviry at 50° AND 67° C. or 2 PER CENT. ANTIMONY-LEAD-TIN. 
Compare with Fig. 17 to show effect of ‘cold work.” 
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4. As the amount of antimony is increased to 2 per cent., the solubility 
of tin falls off rapidly. The effect of cold working in order to obtain 
equilibrium at the lower temperatures is effectively demonstrated in 
Fig. 17. The spool wire had been in the laboratory for several months 
before being tested. The break at 1.00 per cent. tin was evidently due 
to its past history and consequent inability to reach equilibrium. After 
equilibrium is reached there is no break in the solubility curve at either 
28° (Fig. 18) or 50°. The 50° values were held at 50° for several days, 
then quenched and measured at room temperatures. At 67° there seems 


& 


v 


_ Mios PER GRAM-METER 


5 10 1S 
Weignt Zo Tin 


Fig. 19.—Conpuctivity at 150° anp 177° C. or 2 PER CENT. ANTIMONY-LEAD-TIN 
SERIES. 


to be an appreciable solubility of tin, but less than 1 per cent. It prob- 
ably is a very small amount and might disappear on continued working. 
At 150° there are two breaks (Fig. 19) at 1 per cent. and 3 per cent., 
while at 177° the two breaks come at 1 per cent. and 4.5 per cent. tin. 
The results for the 2 per cent. antimony line are summarized in Table 13. 

5. The effect of small amounts of tin on the solubility of antimony in 
lead is rather pronounced at low temperatures. At room tempera- 
ture (Fig. 20) the solubility of antimony remains 0.7 per cent. in the 
presence of 0.5 per cent. tin, even after working, so this is evidently a 
fair value. At 67° (Fig. 21) the solubility is 1 per cent.; at 150°, 1.3 per 
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cent., and at 207°, 2.0 per cent. All the experimental values for the 
0.5 per cent. tin line are given in Table 14. 


TABLE 13.—Conductivity Data in Mhos per Gram-meter for the 2 Per Cent. 
Sb-Pb-Sn Series 


28° Centigrade } 
ties Ah aioe tata AE SPiad bak Sia era a ie 
Sn Sb pool after and Aged 
eS) Working 1 Month 
0 2 0.3861 0.3918 0.3978 0.33746 | 0.25994 | 0.24001 
il 2 0.3804 0.3823 0.4030 0.33631 0.25595 | 0.24034 
| | 0.25920 
3 2 0.4020 0.4070 0.4190 | 0.34721 | 0.27450 | 0.24838 
| 0.26830 
5 2 0.4151 | 0.4188 0.4248 | 0.35953 | 0.27525 | 0.25531 
| 0.27267 
vf 2 0.4240 0.4265 0.4335 0.36950 0.28162 0.25598 
0.28050 
10 2 0.4348 | 0.4465 0.4512 | 0.38108 | 0.27870 | 0.25977 
|: | 0.28157 
13 2 0.4515 0.4550 0.4580 | 0.38851 | 0.28237 0.25993 
15 2 0.4730 0.4774 0.4985 | 0.40670 | 0.29212 | 0.26599 


TaBLE 14.—Conductivity in Mhos per Gram-meter for the 0.5 Per Cent. 
Sn-Sb-Pb Series 


28° Centigrade | | 
Cent, | Cent, [= Se es A | eee. | ree c 177° C. 
ab | 88” | Bool || oun] | Worked, | | 
Working 1 Month | 
0.0 0.5 0.4125 | 0.4148 | 0.4177 | 0.35510 | 0.28026 | 0.23856 
ORD 0.5 0.3942 | 0.3958 | 0.4090 | 0.34596 | 0.26960 | 0.23139 
OR 0.5 0.3915 0.3920 0.4048 | 0.33947 | 0.26681 | 0.23164 
1.0 OND 0.3860 0.3880 | 0.4068 | 0.33417 | 0.26472 | 0.22674 
3 0.5 0.3835 0.3858 | 0.4025 | 0.33420 | 0.26322 | 0.22213 
Ab SF 0.5 0.3823 | 0.3837 | 0.4035 0.33261 | 0.26144 | 0.21928 
| | 0.25955 | 
2.0 OFS: 0.3772 0.3796 | 0.4010 0.33586 | 0.26150 | 0.21795 
0.25962 
PIS O25 0.3797 0.3825 | 0.4013 0.32967 | 0.25641 | 0.21687 
3.0 One 0.32740 | 0.25477 | 0.21568 
0.25978 
3.5 0.5 0.33100 | 0.26020 
0.25831 
4.0 0.5 0.32672 | 0.25721 | 0.21495 
0.25959 
5.0 0.5 0.32112 | 0.25573 | 0.21537 
6.0 0.5 0.32750 | 0.25501 | 0.20155 
le eke oh Ae Pa gs 
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Fic. 20.—Conpuctivity AT 28° C. oF 0.5 PER CENT. TIN-LEAD-ANTIMONY (WORKED). 
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1 a Sie 4 G ra 
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Fic. 21.—Conpvcriviry at 67°, 150°, anp 207° C. or 0.5 PER CENT. TIN-LEAD-ANTI- 
MONY SERIES. 


Compare with Fig. 20 to show effect of “cold work.” 
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Fig. 22.—Conpuctivity at 25°, 67° anp 150° C. oF EQUIMOLAR AMOUNTS OF ANTI- 
MONY AND TIN. 


TaBLe 15.—Conductivity in Mhos per Gram-meter for Wires Containing 
Equimolar Amounts of Antimony and Tin 


Per Cent. Sb Per Cent. Sn 25° C, 67° C. 150° C. 
0.0 0.0 0.4180 0.3568 0.2775 
0.5 0.5 0.4005 0.34607 0.26960 

0.34596 0.27110 

1.5 1.5 0.4055 0.34130 0.26827 
0.26840 

2.0 2.0 0.4010* 0.3412* 0.2645* 
2.5 2.5 0.4050 0.34645 0.26672 
0.34730 0.27244 

5.0 5.0 0.3985 0.34230 0.26628 
0.27344 

20 sft 0.3990 0.34161 0.26891 

es Ot 


* Interpolated from other data 


Ue dome ane 
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6. On the 45° line, containing equivalent amounts of tin and anti- 
mony, there remains appreciable solubility even at room temperature. 
At 25° C. the solubility is about 0.4 per cent. of both tin and antimony 
(Fig. 22), while at 67° there is about 0.8 per cent. of each. From 67° to 
150° the change in solubility is only 1.00 per cent. of each. The values 
obtained along this line are given in Table 15. 


DIscussion 


From these data it is possible to construct the isotherms for the solid 
solubility of antimony and tin in lead at three different temperatures— 
room temperature, 67°, and 150° C. (Fig. 23). The use of such isotherms 
should determine the ‘“‘age hardening” or ‘‘dispersion hardening” 


Per Cent 


Fic. 23.—LEAD CORNER OF SYSTEM LEAD-ANTIMONY-TIN SHOWING SOLID SOLUBILITY 
ISOTHERMS. 


properties of these alloys. The effect of small amounts of tin on the 
solubility of antimony is marked at the lower temperatures. The tin 
has a tendency to hold the antimony in solution below 67°, but has little 
effect on the solubility of antimony at 150° or above. The result is that 
small amounts of tin in an antimony-lead alloy are deleterious from a dis- 
persion hardening standpoint. Small amounts of antimony seem to have 
little effect on the solubility of tin, but as more antimony is added, the 
solubility falls off rapidly. The temperature effect is small near the lead- 
tin axis, being practically the same as if no antimony were present. 
However, in the region of the equimolar line, the isotherms approach very 
closely together, so that alloys in this region would show very little 
hardening effect. The best hardeners in this system would be alloys high 
in tin with small amounts of antimony. The absolute increase in hard- 
ness would be small, due to the fact that the separating constituent still 
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has an appreciable solubility, permitting more rapid diffusion through 
the soft lead lattice and growth of the larger tin particles at the expense 
of the smaller. Agglomeration would then take place. High-tin alloys, 
therefore, would overage readily and become soft. This is exemplified 
in Table 16. The alloys containing 0.5 per cent. tin and varying amounts 
of antimony show more hardening than those above. However, the 
increase in hardness is less than that in the absence of tin. This is illus- 
trated in Table 17. When 0.5 per cent. tin was present, the heat treat- 
ment was performed at 207° C. rather than 225° C., due to the lowering 
of the solidus floor. Alloys containing this amount of tin show decided evi- 
dence of breaking down after prolonged heat treatment at 225°C. Many 
samples will stick together, which shows evidence of liquid formation. 


TaBLe 16.—Tensile-strength Tests in Kilograms per Square Millimeter on 
Alloys Containing 0.5 Per Cent. Antimony and Varying Amounts of 
Tin after Heat Treatment 


Composition Queneb. Tensile Strength after Aging at Room Temperature 
Temp., 7 = 

sas Pee ie tone 4 Days | 40 Days 13 Days 
OS 00.8 150 2.20 2.39 2.42 | 2.39 
3.0 0.5 1507 it Sea Ph Se aa” gag tl Sai 
4.5 0.5 150 3.47 <7) MSEsly Ve ae ol ese 
6.5 0.5 150 3.59 3.55 | 3.43 3.42 
8.0 0.5 150 3.63 3.51 3.67 3.46 
9.4 0.5 150 4.06 STW PSG Yoho 
10.8, 0 0.5 150 4.15 4.02 | 3.83 | 3.48 
12.5 | 0.5 150 4.46 3x00- Fae Seyo a4 | S84 
14.7 0.5 150 rey] 3.95 21 | 3.67 


TABLE 17.—Tensile Strength in Kilograms per Square Millimeter of Alloys 
Containing 0.5 Per Cent. Tin and Varying Amounts of Antimony 
after Heat Treatment 


Composition | Quench, } Time of Age at Room Temperature 
— oo ‘emp., —————. — oo — 
: ee Degrees | 
ere | Fer gent Cent. 1 Hour 4 Days 10 Days 13 Days 
il. - SP oes iy 
0.5 0.0 207 Waly é 1.79 1.88 1.88 
Or OFS 207 2.30 2.33 2.48 
0.5 (0) #/ 207 2.45 2.58 2.04 92 783 
ORD 1.0 207 2.58 2.86 3.86 3.87 
0.5 1.3 207 225 ahd We 3.55 3.58 
0.5 Le 207 3.05 3.87 4.37 4.19 
Ono 2.0 207 3.10 4.16 4.51 4.46 
0.5 2:5 207 3.22 $629 Ai ganas 4.36 
7405) 235 3.20 7.00 6.70 
—_—. ee | ee 


-_ 
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The effect of the large increase of solubility of tin between 150° 
and 180° C., demonstrated by Guillet,*? is brought out in a series of hard- 
ening experiments performed by C. R. Hayward.** His results are repro- 
duced in Table 18. In this case the large increase came between 185° 
and 200° because the solidus floor of the ternary system slopes up from 
180°, the ternary eutectic, toward 235°, the lead-antimony eutectic. The 


TaBLE 18.—Brinell Hardness on Alloy Contathing 3 Per Cent. Antimony, 
3 Per Cent. Tin, 94 Per Cent. Lead* 


shins ie i le Time of-Aging biter Heating 
aes Heating 
: grees 

Cent. 1 Hour 2 Days 4 Days 5 Days 6 Days 
146 15.3 14.5 14.0 | 14.8 15.3 14.2 
155 15.3 1a 11.9 13.0 13.5 14.2 
170 15.3 12.8 12.8 12.8 13.7 13.7 
185 14.8 12.4 12.4 12.8 13.3 14.0 
200 14.8 12.4 13.3 13.3 15.9 16.5 
218 14.8 12.8 17.0 19.3 19.3 19.3 
235 14.5 13.3 | 21.0 Dla 23.3 23.8 


* Hayward’s values. 


sample that was heated to 235° may have contained some molten ter- 
nary eutectic, but this would tend to increase the speed of dispersion 
hardening, provided the alloy was not roughly handled at the higher 
temperatures. We have several cases of alloys of this system being 
heated above the lead-antimony eutectic, as high as 265° C., which hard- 
ened very rapidly after quenching. Evidently the little globules of 
molten eutectic remain dispersed and act as hardness centers, giving a 
very fine dispersion. 


TaBLe 19.—Brinell Hardness on Lead-antimony-tin Alloys Heated to 


260° C. and Aged at Room Temperature 
tain il og Le eR a aie ee ees, 


Composition Hardness after Aging 
Per Cent. Sb | Per Cent. Sn 0 Days 1 Day | 4 Days 
4.0 0.5 15.0 19.0 | 2230 
2.5 0.5 133.0 24.0 27.0 
2.0 | 0.5 ti, 22.0 26.0 
a a a ee a ae 


821, Guillet: Loc. cit. 
33 R. S. Dean, L. Zickrick and F. C. Nix: Op. cit., 536 (see discussion by C. R. 


Hayward). 
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CONCLUSIONS 


1. The mutual solid solubility of tin and antimony in lead has 
been determined. 

2. Small amounts of tin have little effect on the solid solubility of 
antimony at elevated temperatures, but tend to hold the antimony in 
solution at lower temperatures. 

3. Small amounts of antimony have little effect on the solid solubility 
of tin. 

4, Larger amounts of antimony decrease the solubility of tin rapidly. 

5. Ternary lead-antimony-tin alloys show less dispersion hardening 
than binary lead-antimony alloys. 

6. Tin is deleterious to the dispersion hardening of lead-antimony 
alloys. 

7. At temperatures close to the solidus surface, there is a large increase 
in the solubility of tin. 

8. The presence of tin in lead-antimony alloys appreciably lowers the 
temperature at which heat treatment may be performed. 
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DISCUSSION 


W. Camppeti, New York, N. Y. (written discussion).—This paper is a decided 
contribution to our knowledge of the lead-antimony alloys and the authors are to be 
congratulated on their painstaking work. The ternary diagram Pb-Sb-Cu is of 
special interest. In the spring of 1917 Richard P. E. Hermsdorf* investigated this 
series, because the cost of tin was then exceptionally high and there was a demand for 
a substitute in bearing metals. Lead-base alloys containing antimony and copper had 
been tried in the past but with varying results. It therefore seemed worth while to 
examine the ternary system especially as regards the two-liquid area. Mr. Herms- 
dorf’s determinations are summarized in Fig. 24. The work was continued in 1920 
especially around the lead corner and the point F more accurately determined at 96 
per cent. lead. As regards the constitution of the alloys solidifying in the single- 
liquid field, the question is complicated by the fact that the Cu-Sb diagrams are not in 
agreement. Reimann’s diagram of 1920 is given here (Fig. 25). It differs from that 
of Carpenter (1913) chiefly in the location of the maximum J and the occurrence of 
acutectoid transformation PN at 430°C. There is also a lack of agreement as to the 


exact location of the points J’ and K’ in the copper-lead system. These differences 
are shown in Table 20. 


** Thesis. Degree of Met. E., Columbia University. 
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Tasiy 20.—Location of Points in Pb-Sb-Cu System 


Copper-Antimony 


Point Guertler Carpenter Reimann 
Per Per Per Per 
Degree! De Per Cent. D 
Cent. | Gent. | Cent. | Cent. | "Gene, | sb | Cant | “Cent. 
Gye, A eR pe ert hs 31 628 28 646 | 28 645 
ited otecgar iis: 38 682 38 680 | 43 680 
Gre 59 587 | 59 585 | 57 585 
Wee (i 525 78 5380 | 76.5 535 
Ciigentie rit ct: 8 8 
SLO LW cee, Ere one 0.5 0.5 
eo ole ke Le 30-38 .5 30. 5-38. 5! 
Copper-Lead 
Roberts-Austen | Guertler Bele ch Sec A ai he 
Per x | Par mot Poy | Per 
et | De D De De 
Point Cent, fated | Contty Gua Sake | Gonet- ca Goa 
= - | al ! 
el aan che RS 62-63 63 64 54 
Kee 23 950 16 950 12 950 19 953 


The lead-rich matrix freezes at 326° C. 


All the authorities agree as to the occurrence of Cu.Sb, but not in regard to the 
maximum J. Guertler designates this as CusSb, and so does Carpenter. Reimann 
finds it to be CusSbe, Kurnakoff and Beloglasoff** point out that J occurs at 72 atomic 
per cent. of copper. Furthermore, the curves for electric conductivity and for thermal 
coefficients do not show any singular point in this region and therefore neither Cu;Sb2 
nor Cu;Sb exists. : 

In our work, which was based on microstructure alone, we found that in the area 
K’ F Pb there occurred crystals of Cue or CuoSb, depending on the amount of anti- 
mony present, in a lead-rich matrix. The binary line EE’ appeared to end very close 
to the lead-antimony eutectic. From microstructure alone it might be drawn much 
lower as shown by the dotted line, because of the difficulty in determining when Sb 
and when Cu,Sb is the first constituent to crystallize out, but the thermal determina- 
tions of Schack and the present authors show that the upper line is nearer the 
true one. 

The main difference between our results and those of the present authors is in the 
location of the reaction line PT in their diagram. Schack gives this as a smooth curve 
ending at the lead corner, Our determination CC’ from microstructure was based 
on the supposed primary crystallization of CusSb. We noticed two distinct types; 
namely, grains and rosettes on the one hand and plates and needles on the other, ona 


5° Ren. de Mét. Extraits. (1922) 19, 588. 
Jnl. Russian Physico-Chemical Soe. (1916) 48, 700. 
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had we taken the former to indicate a peritectic reaction, our line would have been in 
substantial agreement with that of the present authors. 

In fairness to Mr. Hermsdorf, it should be stated that his results were not published 
because it was hoped that they could be made more complete by analyzing the two 
layers of alloys in the two-liquid area and thus adding tie-lines to the diagram. But 
time for this, like the Greek Kalends, never came. 


G. O. Hrers, Brooklyn, N. Y. (written discussion).—This paper covers in a 
comprehensive fashion three ternary systems. Those who have studied only binary 
equilibrium diagrams can begin to appreciate the thought, painstaking work, and 
time involved in the preparation of this paper. 

Therefore it is with some misgivings that attention is called to a very small portion 
of the work. On page 322 it is stated that the addition:of up to 2 per cent. Cu to the 
Pb-Sb binary eutectic mixture was not detected in the cooling curves. The users of 
lead alloys are very much concerned with this portion of the diagram, so we have 
investigated the matter a little further. It is difficult, or perhaps impossible, to 
detect the degree of solubility of such small amounts of copper in this alloy by ordi- 
nary or refined cooling-curve methods, therefore the problem was attacked in a 
different way. We tried to find how much copper we could dissolve in the alloy made 
up of 13 per cent. Sb and 87 per cent. Pb. Equilibrium was attained at 300° C., 
showing a solubility of 0.13 per cent. Cu in the alloy while at 400° C. we tentatively 
place the solubility at 0.5 per cent. Cu. 


R. 8S. Dean, Chicago, Ul.—This work of Professor Campbell not only antedates 
our work but also the diagram of Schack on which our work was to a considerable 
extent based. In regard to the two points raised by Professor Campbell—namely, 
the position of that ternary eutectic which is the same one discussed by Mr. Hiers—I 
believe Morgen says that point is at less than 2 per cent. We do not know how much 
less than 2 per cent; as near as we could tell from our cooling, it was practically 
identical with the lead-antimony eutectic. 


A Study of Certain Alloys of the Lead-tin-cadmium System 
with Reference to Their Use as Solders 


By Cari E. Swartz,* Sevpy, Cauir. 
(New York Meeting, February, 1928) 


ALTHOUGH a number of articles appeared during the war advocating 
the use of cadmium in lead-tin solders, very little information of value 
can be found in the literature regarding the properties of solders contain- 
ing cadmium. In most of the published articles the cadmium seems to 
have been considered merely as a partial substitute for tin in a tin-lead 
alloy rather than as an essential constituent of a ternary alloy. The pri- 
mary object of the substitution of cadmium for tin was to lessen the 
amount of tin required, at a time when the latter was scarce and high- 
priced, and thus to produce a cheaper solder. While this object was 
accomplished, the new properties resulting from a change from a binary 
lead-tin alloy to a ternary lead-tin-cadmium alloy were not given proper 
consideration in many cases. 

For the past few years, the American Smelting & Refining Co. has been 
marketing a very considerable amount of cadmium in the form of lead- 
tin-cadmium alloys for use as solders for certain special purposes, and the 
successful use of these solders suggested that if more extensive knowledge 
were available concerning the properties of lead-tin-cadmium alloys of 
various compositions their field of usefulness might be materially extended. 

The investigation described in the present paper was undertaken to 
obtain this information and, by means of tests under conditions approach- 
ing those of practical use, to determine the suitability of cadmium solders 
for various purposes. 


CHARACTERISTICS AND REQUIREMENTS OF SOLDERS IN GENERAL 


General Physical Properties.—When cast into bars, solder should pre- 
sent a smooth and bright appearance free from oxide inclusions and 
bubbles. Ductility should be as great as possible without sacrificing 
tensile strength, and vice versa. Hardness and specific gravity are not 
of any great importance. 

Melting Characteristics. —The melting or solidification range is impor- 
tant. This statement applies both to the extent of the range and to the 
actual temperature at which complete solidification occurs. A rather 
narrow solidification range is desirable in soft solders in order that 
solidification may take place quickly. The solder should have high 
fluidity at temperatures only slightly above its melting range. For a 

* Research Department, American Smelting & Refining Co. 
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wiping solder, on the other hand, a wide solidification range is necessary, 
in order that the solder may remain in a pasty condition while the joint 
is being made; the solidification range should lie at temperatures low 
enough so that the wiping cloth will not burn during the operation. 
Solders having a high melting point are valuable for use in soldering 
equipment that is to be used at elevated temperatures. 

Soldering Characteristics—Any alloy or metal that will readily alloy 
with other metals or alloys at ordinary soldeying temperatures may be 
considered as a solder. In order to have commercial value for the pur- 
pose, it must be capable of readily forming joints of high tensile and 
shear strength together with high ductility. “The production of such 
joints depends not only on the strength and ductility of the solder itself, 
but is also largely dependent on the ease with which it alloys with or 
“wets”? the metals to be joined. The latter is especially important in 
machine soldering operations where soldering is carried on with extreme 
rapidity and capillary action is depended upon very largely to draw the 
solder into the joint. 

The property of ‘‘wetting”’ or flowing on the work is greatly affected 
by temperature and by the soldering fluxes used, and different solder 
alloys may require different temperatures and fluxes to give best results. 

In general, the thinner the layer of solder between the metals joined, 
the greater will be the strength of the joint, so long as the film of solder 
- is continuous. 


PREPARATION OF ALLOYS FOR EXPERIMENTAL INVESTIGATION 


All of the alloys studied were prepared in the following manner: The 
required amount of each constituent pure metal was weighed out to 
an accuracy of 0.25 per cent. or better. The metal of lowest melting 
point was placed in a graphite crucible, covered with high flash-point oil, 
and melted in an electrically heated pot furnace. The remaining metal 
or metals were then added piece by piece with occasional stirring until 
the whole was molten. The oil prevented any oxidation, with resultant 
change in composition. After several minutes stirring, the alloy was 
allowed to cool to complete solidification, during which a time-tempera- 
ture cooling curve was plotted to obtain the solidification range. 

Temperatures were taken with a nitrogen-filled mercury thermometer 
with the bulb immersed directly in the metal. This thermometer was 
checked frequently against a standard thermometer. No particular 
effort was made to attain extreme accuracy in the temperature measure- 
ments, but they are believed to be accurate to within 6°56 ©. 

The solidification ranges of all alloys of the lead-tin-cadmium system 
studied were found to agree closely with the freezing-point diagram of 
Stoffel.! On the diagram as given by Stoffel the alloy compositions are 


1A. Stoffel: Untersuchungen iiber binare und ternare Legierungen von Zinn, 
Blei, Wismut und Cadmium. Zeitschr. f. anorg. Chem, (1907) 53, 137. 


354 A STUDY OF CERTAIN ALLOYS OF THE LEAD-TIN-CADMIUM SYSTEM 


expressed in atomic per cents. We have converted these to percentages 
by weight and the freezing-point diagram based on Stoffel’s data, with 
compositions expressed in weight percentages, is given in Fig. 1. 
The compositions of the alloys in this system, which were studied 
during the course of the present investigation, are shown on the diagram, 
designated by the letters by which they will be referred to in the follow- 


ing pages. 


APA, 
ee, 


oe 
° 80neS 95 90 Pb. 
ie ae eee 327° 


% Pb. BY WEIGHT 
Vig. 1.—FREEnZING-POINT DIAGRAM OF LEAD-TIN-CADMIUM ALLOYS. 


Reasons for Choice of Alloys 


The choice of the particular alloys to be studied in this investigation 
was influenced by several factors. Some were chosen as representing 
certain critical points on the freezing-point diagram, such as binary and 
ternary eutectics; others were selected more or less at random, as repre- 
sentative of certain areas on the diagram; while still others were chosen 
in an endeavor to meet as nearly as possible specifications as to solidifica- 
tion range and lead content which were set by certain consumers who were 
interested in the use of cadmium solders for specific purposes. 

It will be noted that most of the ternary alloys studied lie in the lead 
corner of the diagram, The reason for this is that a comparatively high 
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proportion of lead is required to bring the cost of the alloy low enough to 
compete with lead-tin solders, for most purposes. Alloys containing very 
high proportions of cadmium were not studied because of the increased 
tendency to oxidation when a large percentage of cadmium is present. 


Solidification Ranges 


The solidification ranges of the alloys studied, as taken from our 
cooling curves, are given in Table 1. To serve as standards of compari- 


TasBLE 1,—Solidification Ranges 


ip cae aes s Solidification Range 
Code 
Letter l | : f 
SE tance CY tence 0 | Hangs) Temes 
| | | | | 
B 50 50 | 210-181 | 210-181¢ 181 
yi 60 40 | 240-181 | 240-181¢ 181 
AB | 54 46 | 222-181 | 222-181 181 
| } 
| | | 
0 190 | 10 274-249 | 274-240/ 249 
G | 25 | | 75 281-249 | 281-2499 249 
H 150 | | 50 274-249 | 274-2490 249 
i 70 | | 30 264-249 264-2490 249 
L | 91.5] | 8.5) 276-249 | 276-249/ | 249 
Re 80 | 20 | | 249 
Se L 70: 4/30," | | 176 
A 40 | 40 | 20 | 165-145 165-155" | 155-145* 145 
C BO nae 10. at 253-145 | 253-193' | 193-145* 145 
D 75 | 15 |10 | 245-145 |- 245-175" | 173-145* 145 
E 85 | 5 | 10 260-145 | 260-218 | 218-145# 145 
K 25 | 50 | 25 160-145 160-148! | 148-145" 145 
Q 30m 50 118 4 | | 145 
Vv 58 17 | 25 | 208-145 | 208-204* | 204-145 145 
we 65 9 26 1222-145 | 222-145% | 145 
ae 75 3 | 22 237-145 | 237-235* 235-145" | 145 
ee ee ee ee eee 


a Tead-cadmium eutectic. 

> Tin-cadmium eutectic. 

¢ Lead-tin-cadmium eutectic. 

@ Alloy lies on the lead-cadmium binary eutectic line, consequently has no primary 
solidification range. 

e Primary crystals consist of lead containing some tin in solid solution. 

f Primary crystals consist of lead containing some cadmium in solid solution. 

9 Primary crystals consist of cadmium containing some lead in solid solution. 

h Primary crystals consist of lead containing some cadmium and tin in solid 


solution. i. es, 
i Primary crystals consist of cadmium containing some lead and tin in solid 


solution. . . 
* Secondary crystals are the binary eutectic of cadmium and lead. 


™ Secondary crystals are the binary eutectic of tin and cadmium, 


. 
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son, three lead-tin alloys are given in the table, followed by the lead- 
cadmium alloys, the tin-cadmium eutectic alloy, and the lead-tin- 
cadmium alloys. - 


Lead-tin-cadmium-bismuth Alloys 


In an effort to fill a demand for solders of very low melting point, 
some alloys were made up containing bismuth as well as lead, tin, and 
cadmium. It was found that the presence of large amounts of bismuth 
made the alloys too brittle to be useful as solders for most purposes. 
Bismuth is added in small quantities, however, to solders for some 
special purposes. 

Alloys Containing Zinc 


As some of the cadmium alloys recommended in the literature? for 
use as solders contained various amounts of zine, a number of alloys con- 
taining zine were studied. The addition of small amounts of zine (1.5 
to 2.0 per cent.) to lead-cadmium or lead-tin-cadmium solders lengthens 
the solidification range and lowers the final solidification temperature 
slightly, decreases the tendency to oxidation, and tends to give soldered 
joints of greater strength and reliability. If larger amounts of zine are 
added to an alloy containing lead the excess zine merely forms a separate 
layer above the alloy, since zinc is only slightly soluble in molten lead at 
soldering temperatures. 


TasLe 2.—Solidification Ranges of Zinc-containing Alloys Studied 
ee eee 


Composition Total 
Code Letter = a $$ —_—_ -| Solidification 
Pb | Sn Cd Zn copes ee 
M 90.8 | | Tien 1.5 274-247 
Pp? 87.5 | 7.5 5.0 275-247 
AD? 30.8 35.2 22 (D3 | 158-136 
AE | 53 38 n:) | 188-157 
AI 80 20 263 
AG 60 40 | 307-263 
AH 39.4 39.4 19.2 2 165-136 
AJ eS TOR, 1.5 239 
AK 56.9 16.7 le 2a | 2 206--136 
AL 63.7 S28 25.5 | 2 220-136 
AM 73.5 ox 21.6 2 231-136 


¢ Most of the zine in alloys P and AD was insoluble and remained as a solid, at 


temperatures below its melting point, above residual alloys which had the solidification 
ranges given. 


> Cadmium-zine eutectic. 


?C, W. Hill: Solders and Substitutes for Lead-tin Solders. Met. Ind.; NFAY. 
(1918) 16, 412. 
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Zine alloys in all proportions with cadmium alone, however, and also 
with tin-cadmium mixtures. Zinc-cadmium alloys offer promise of being 
suitable solders for certain purposes where they are to be subjected to 
temperatures, in use, at which tin-lead or tin-lead-cadmium solders would 
melt or weaken. 

_ Solidification data concerning the zine alloys studied are given in 
Table 2. 
Final Solidification Temperatures 


The temperatures of final solidification of the various alloy systems 


studied in this investigation are: Peet i? 
FINAL SOLIDIFICATION 
SysTEm pe Cane ae 
ann 71T Comes eee ee ee he hone oe ee nates. cals Ok 263 
iiverig Rasyeliiiiionh 2% anid ae Rae Ren eee ee eee 249 
ieaig leesay gna aV ita ePAUINe 5 Some es oad che Fi ae et eee ena Cae ge eRe 241 
(WEAVE ETAT - oes Cdn les che B Oe eee ge OI ee te nee ee Aer ae Som a ee 181 
FRA CACLEDIILETY) yee Me Gee oe ee PL ee eee elena ee sha aR ea 176 
N= GAUERIETD 711 Ce pen. Se ee hee ener, Acer es eae 157 
eae GINS CALLITEINIOTI Seem EE eds an ee eae cas deny colon ener a toes ete eile 145 
Wes din aca Wit] 71 Cae pee 2 ee Cee pepe mae tae Sua eliael aoe 136 


TENSILE-STRENGTH TESTS ON SOLDERED JOINTS 


The tensile strength of the solder alloys studied was tested in two 
different ways: (1) by measuring the tensile strength of soldered joints 
between various metals made with the alloys, and (2) by measuring the 
tensile strength of the alloys themselves, in test pieces of standard shape. 
The first method was relied on to the greater extent because it approxi- 
mated actual conditions of use more closely than the second. 

Only a few of the alloys were tested by the second method. Because 
of their softness and tendency to flow under applied stress, the figures 
obtained for tensile strength of standard test pieces varied with the rate 
of application of the load and could not be checked closely even when 
conditions were kept as constant as possible. All the cadmium solders 
tested in this manner had tensile strengths approximately equal to or 
better than ordinary tin-lead solders. 

The soldered joints used for testing tensile strength according to the 
first method were lap joints made between the ends of strips of copper, 
brass, or tin plate, 1 in. wide and 3 in. long. The joints were lapped 0.25 
in. ‘Zine chloride flux was used in nearly all cases but rosin-alcohol flux 
was also tried and seemed to give as good results as zine chloride. 

Ordinary hand-soldering methods were used in making the joints. 
The strips were well tinned at the ends to be joined and then sweated 
together, bubbles or foreign matter being carefully excluded. 

The strips were then placed in a hand-operated tensile-testing machine 


and the ultimate tensile strength of the joint was measured. At first 
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test pieces of 22-gage sheet metals were tried, but these were found too 
light and 16-gage was used. ; 

In Table 38, the average joint strength of copper and brass pieces 
represents at least six test pieces. Three test pieces of tin-plated sheet 
iron were used. 


TaBLE 3.—Average Tensile Strength of Soldered Joints 


Sp ene 16-gage Brass 16-gage Copper 16-gage Tin Plate 
| | 

Code Per Cent. | Per Cent. | Per Cent 

Letter Ay. Tens. Compared ae pe Compared aes | Compared 

Pb | Sn | Cd | Zn | Strength, | vith Half | Strength, | with Half | Strength, | with Half 

Ub. and Half | ‘| and Half ‘| and Half 
A 40 |40 (20 1705 | 96.4 1350 100.4 | 1622 | 103.6 
B 50° 50 1769 100.0 1345 | 100.0 1680 | 100.0 
Cc 80 |10 {10 1322 74.7 982 | 73.0 1307 | 77.8 
D 7 \15 \10 1359 } 76.8 979 72.8 1502 | 89.4 
E 85 5 |10 1397 79.0 912 67.8 1445 | 86.0 
F 90 10 1555 87.9 1092 81.1 1513 | 90.0 
| Z 1493 88.9 
G 25 75 1692 95.6 1180 87.7 | ae 

H 50 50 1790 i= dOL 32 | 1223 90.9 1465 | 87. 
J 70 30 1775 } 100.4 | 1240 92.2 1612 | 95.9 
K 25 |50 /|25 1663 94.0 1358 + 101.0 1693 100.8 
L 91.5 8.5 1470 83.1 | 1180 S737 1497 89.1 
M 90.8 tat 1.5) 1618 91.5 1040 | 77.3 1300 | 17.3 
Q 32 |50 |18 1884 ) * L065 1341 | 99.7 1730 103.0 
R 80 |20 1797 102.1 1330 99.4 1465 | 87.2 
Ss 70 = |30 1830 103.5 1372 101.9 1768 | 305.3 
Vv cays) Wale | PAS} 1647 93.0 1260 93.6 1695 |} 100.8 
Ww 65 9 |26 | 1685 | 95.3 1314 97.6 1650 | 98.2 
x 75 3 j22 1703 | 96.2 | 1245 92.5 1610 95.8 
Y¥ 60 (40 | 1604 90.7 | 1368 101.7 1650 98.2 
AB 54 |46 1617 | 91.4 1162 86.4 1812 107.8 
AD 30.8/35.2/22 |12 | 1930 | 10901 1460 | 108.5 1632 103.0 
AE 63 |38 9 1832 | 103.5 15505 115.3 1958 ee LAGE 
AF 80 /|20 1977 111.8 16805 125.0 1805 107.5 
AG 60 (40 1762 | 99.6 1480® 110.0 1710 I LOW 7, 
AH 39. 2/39.2/19.6) 2 1878 i A062 1363 101.3 1792 | 106.6 
AJ 78.8 LOA Tolab) 2020 114.2 1453 | 108.0 | 1638 97.5 
AK 56.9/16.7 24.5 2.0) 1750 98.9 1182 87.9 1628 96.9 
AL 63.7) 8.8/25.5} 2.0 1835 103.7 1213 90.1 1665 99.1 
AM /78.5] 2.9/21.6| 2.0 1878 106.1 1343 99.9 1748 104.0 
| | 
| 


| | 
ee eee ee eee 
* Half and half lead-tin. 
b Copper strip failed. 


Table 4 shows a comparison of the tensile strengths of joints made 
with solders containing zine and with similar solders not containing 
zinc. It will be noted that in all but a few cases the solders containing 
zinc made the strongest joints. For convenience the zinc-containing 
solder is given first and the solder similar to it without zinc is given next. 
The zine-containing solders which are not similar to any other solder 


studied have been placed at the bottom together with lead-tin solders 
included for comparison. 
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TaBLe 4.—Zinc Solder Comparison—Average Tensile Strength of Joints 


Composition, | 
Per Cent. 16-gage Brass 16-gage Copper 16-gage Tin Plate 
oe Per Cent ne | Per Cont. | , ‘| Per © 
etter Av. Tens. | SaleAcvae Denenal cues eal Acre _ | Per Cent. 
Pb | Sn Ca Zn Strength, COREG Strength, Commmarel| Strength, | Compared 
> and Half« : and Half Lb. and Half« 
| 
M 90.8 Megie Leor 1618 | 91.5 1040 Vis 1300 (lees 
L 91.5 8.5 1470 83.1 1180 87.7 1497 89.1 
AH /|39.2/39.2)19.6 2.0) 1878 106.2 186304) 101-8 1792 106.6 
A 40 |40 /|20 | 1705 96.4 1350 100.4 1622 103.6 
AJ 78.8 19.7) 1.5 2020 | 114.2 1453 100.0 1638 97.5 
R 80 20 | 1797 ) 20200 1330 799.4 1465 87.2 
AK  |56.9/16.9/24.5 2.0; 1750 | 98.9 1182 Le aS7.9 1628 96.9 
Vv 158 |17 |25 | 1647 | 93.0 1260 93.6 1695 100.8 
AL 63.7) 8.8/25.5] 2.0 1835 ft LOSS? 1213 90.1 1665 99.1 
Ww 65 9 |26 | 1685 | 95.3 1314 97.6 1650 98.2 
AM 1|73.5 2.9|21.6 2.0 1878 106.1 1343 99.9 1748 104.0 
x 75 3 |22 | 1703 | 96.2 1245 92.5 1610 95.8 
AD {30.8|85.2)22 412 | 1930 | 109.1 1460 108.5 1632 103.0 
AE 5a: = 138 5 | 1832 PeelOS se | 15506 L523 1958 116.5 
AF 80 {20 1977 | 111.8 | 1680° 125.0 1805 107.5 
AG |60 40 | 1762 | 99.6 | 14806 110.0 1710 101.7 
B 50 |50 | 1769 100.0 1345 100.0 1680 100.0 
ne 60 40 1604 90.7 1368 101.7 1650 98.2 
AB 54 |46 | 1617 91.4 1162 86.4 1812 107.8 
| 


2 Half and half lead-tin. 
+’ Copper strip failed. 


Tests of CADMIUM SOLDERS IN COMMERCIAL SOLDERING OPERATIONS 


The laboratory investigation that has been described showed cadmium 
solders to be entirely satisfactory for hand soldering, but can manufac- 
turers, who use the largest amounts of solder alloys, employ machines 
for most soldering operations. Accordingly arrangements were made 
with can manufacturers to try out cadmium solders in their plants. 

The machines for the manufacture of the common sizes of tin cans 
have been brought to a high state of mechanical perfection. In making 
the ordinary round cans used as food containers, for example, the output 
may be as high as 300 cans per minute per machine. Needless to say 
these machines have been developed as a result of long experience with 
lead-tin solders, and the arrangements for heating the joints to be sol- 
dered, putting on the solder, and cooling the finished cans are all carefully 
correlated to suit those particular solders, and the machines are super- 
vised by men who have had long experience with the behavior of 
those solders. 

The use of cadmium solders in those machines, because of their differ- 
ent solidification range and final solidification temperature, would require 
a different adjustment between conditions of heating, cooling, and other 
controlling factors, and considerable experience in the use of cadmium 
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solders would probably be required to get the proper adjustment for 
best results. 

Therefore, although some tests were made with cadmium solders in these 
machines, it was felt that the best field for the introduction of such solders 
was in certain special soldering operations where their peculiar properties 
would give them marked advantages over straight lead-tin solders and 
where conditions as to temperature, manipulation, and cooling could more 
easily be varied at the will of the operator. 

An example of such special soldering operations is the soldering of 
lithographed cans. The lithographing on these cans is easily scorched 
and in soldering them with lead-tin solders there is always some discolora- 
tion of the lithographing near the seam, even with the most careful work. 
When cadmium solders having a composition close to that of the ternary 
lead-tin-cadmium eutectic are used for this operation the soldering may 
be done at a lower temperature, because of the lower solidification point 
of these solders, and discoloration of the lithographing is entirely avoided. 
As a result of our tests of cadmium alloys for this purpose, they are now 
having an extended trial in regular operation at a large factory. 

It is thought that there may also be a special field for the binary cad- 
mium-zine and cadmium-lead alloys which have final solidification tem- 
peratures considerably higher than that of binary tin-lead alloys, as 
solders for use in apparatus which is likely to be subjected during use to 
temperatures at which tin-lead solders would soften or melt. Tests of 
these alloys for such use are being made by electrical manufacturing 
companies but reports of their tests had not been received when this 
paper was written. 


SELECTING A CapmMiumM SoupER FOR A PARTICULAR PURPOSE 


Many factors must be considered in the selection of a cadmium solder 
of the best composition for any particular purpose, depending on the 
conditions under which the soldering is to be done and the use to which 
the soldered article is to be put. Important among these factors are 
solidification range and final solidification temperature, strength, quality 
of “wetting” the metals to be joined, tendency to oxidize while molten. 
and cost. 

The solidification range and final solidification temperature of any 
alloy of the lead-tin-cadmium system ean be foretold by reference to the 
freezing-point diagram of Stoffel. 

The results of the tests with the alloys studied in the present investi- 
gation indicate that any of the alloys of this system that are likely to be 
considered for use as solders can be made to give joints of satisfactory 
strength, the variations of tensile strength with varying composition not 
being sufficient to be decisive. 
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In so far as “‘wetting’’ properties and tendency to oxidation are con- 
cerned, the observations made in the course of this investigation point to 
the alloys in the region of the ternary eutectic composition as being most 
satisfactory. Larger percentages of cadmium than in the eutectic are 
likely to increase the tendency of the alloys to oxidize to an undesirable 
degree while molten. The ‘‘wetting”’ quality of the alloys falls off as 
their lead content increases, just as in the case of lead-tin solders, but a 
proportion of lead considerably above that existing in the eutectic alloy 
is permissible. Ordinarily, considerations of economy will dictate that 
as large a percentage of lead be used as may be without too greatly 
sacrificing other qualities desired in the sdlder. 


SUMMARY AND CONCLUSIONS 


The properties of a number of alloys of the lead-tin-cadmium system 
were studied with reference to the suitability of these alloys for use as 
solders. The tensile strength of joints made between various metals with 
these solders were determined in comparison with similar joints made with 
ordinary lead-tin solders. 

The tests showed that solders containing cadmium would make joints 
equal in strength to joints made with lead-tin solders and that the cad- 
mium alloys were suitable in other respects for use as solders. Similar 
tests made with the same alloys to which 1.5 to 2.0 per cent. zinc had been 
added showed that the addition of zinc in this proportion improved the 
properties of the alloys for this use. 

In general, the investigation indicated the solders having compositions 
in the neighborhood of the ternary lead-tin-cadmium eutectic as being the 
best of the ternary alloys for most soldering work, though compositions 
varying rather widely from this may be more desirable for cer- 
tain purposes. 

As regards the introduction of cadmium solders into large-scale com- 
mercial soldering work, it was decided that the best place to make a start 
was in the operations in which properties peculiar to cadmium solders, 
such as low solidification temperature, give them a special advantage over 
lead-tin solders. Efforts in this direction are bearing fruit. 

A very considerable and dependable market for cadmium solders 
already exists. 

SeLectep BIBLIOGRAPHY 


N. F. Budgen: Cadmium, Its Metallurgy, Properties and Uses, 147-149, 167, 169, 
175, 181-186, 189. New York, 1924. 
Solders Containing Cadmium. Metal Ind., N. Y. (1925) 23, 104. 
G. K. Burgess and R. W. Woodward: Bronzes, Bearing Metals and Solders. Trans. 
(1919) 60, 175; Cadmium as a Tin Substitute, 181. 
Conservation of Tin in Bearing Metals, Bronzes, and Solders. Bur. of Stds. 
Tech. Paper 109 (1919) 8-9. 


362 A STUDY OF CERTAIN ALLOYS OF THE LEAD-TIN-CADMIUM SYSTEM 


R. B. Deeley: Zinc Cadmium Alloys, a Note on Their Shear Strengths as Solders, 
Jnl. Inst. of Metals (British) (1925) 34, 193. 

C. W. Hill: Solder without Tin. Chem. & Met. Eng. (1918) 19, 170, 660. 

Solders and Substitutes for Lead-tin Solders. Met. Ind., N. Y. (1918) 16, 412. 

C. E. Siebenthal: The Cadmium Supply of the United States. Trans. (1919) 60, 
185; Cadmium Solder, 190, with discussion, 190-192. 

H. C. Urquhart: The Uses of Cadmium. Proc. Australasian Inst. Min. & Met. 
(1923) 52, 207-222. 


DISCUSSION 


G. E. Datpry, East Berlin, Conn.—Some time ago a practical tinner said it was 
his experience that cadmium solder was a desirable solder for use on galvanized sheet 
but he did not think much of it on tin sheet. He could not say why; he just believed 
that was so from some observations, but he could not tell definitely what they were. 


C.8. Smrru, Waterbury, Conn. (written discussion).—The remarks of the previous 
speaker that cadmium solders are superior to lead-tin ones when soldering galvanized 
iron, I can confirm, although I have not been able to advance a satisfactory theory to 
account for this. 

As Mr. Swartz remarks, the literature contains few references to the lead-tin- 
cadmium alloys, which possess properties worthy of more attention. I have been 
doing some work on this system and offer the following comments. 

The terms “alloying,” “wetting,” “flowing,” and “capillary action” are used in 
the paper almost as if they were synonymous. ‘‘ Alloying”’ denotes the formation of a 
definite compound, solution or mixture of the base metal with the solder, and, while 
this usually occurs, it is not an essential part of the formation of a soldered joint. 
“Wetting,” on the other hand, is concerned with surface adhesion and probably 
depends far more on the flux than on any characteristic of the solder itself. If the 
surface is perfectly clean, the solder will wet it rapidly, just as water will wet a per- 
fectly clean metal surface. 

The smaller its surface tension and the surface energy of the metal-solder interface, 
the greater the ability of a solder to spread on a clean metal surface which has not 
previously been wet. Once the surface has been wet, however, the ease and speed 
with which the metal can spread over a surface and penetrate crevices depends directly 
on the surface tension, which then acts in the same way as when lifting a column of 
liquid in a capillary tube against the action of gravity. It appears probable that the 
latter action is more important from a practical standpoint than the former, and it is 
the result of experience that solders with a high surface tension are the most convenient 
to use. 

The surface tension of cadmium is greater than that of tin and much greater than 
that of lead. Although no measurements have been reported on the ternary system, 
one can assume that, except at the extreme corners of the diagram, linear relations 
hold approximately, and consequently the addition of cadmium to a tin-lead solder 
not only lowers the melting point but simultaneously increases the surface tension, 
and therefore the running properties of the alloy. It is this fact which enables us to 
use without difficulty cadmium solders containing very high percentages of lead. 

It is to be regretted that Mr. Swartz did not determine the melting points of the 
alloys with greater accuracy. The writer has himself determined, with an accuracy 
believed to approach +1° G., the freezing points of the alloys containing more than 


* Dean and Wilson [Ind. & Eng. Chem. (1927) 19, 1312] show that the action is 
actually more complex than this. The presence of hydrochloric acid seems to be 
necessary for rapid wetting, and probably acts by displacing the layer of adsorbed air, 
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50 per cent. lead and less than 20 per cent. cadmium. Cooling curves were taken on 
accurately weighed out 100-gm. samples, melted under an oil of high boiling point. 
The rate of cooling was 3° to 6° C. per min. A bare iron-constantan thermocouple 
was used, in conjunction with a potentiometer reading to 0.001 mv. The couple was 
calibrated against the freezing points of lead (327.4° C.) and tin (231.8° C.) and boiling 
water (100° C. at 760 mm.). The alloys were made from commercially pure lead 
and cadmium and pure tin (99.965 per cent.). Fig. 2 shows the liquidus isothermals 
deduced from the results. These differ but slightly in position from the ones given 
by Stoffel. On account of the rather wide spacing of the alloys in the part of the 
diagram with less than 80 per cent. lead the location ofthe isothermals in this area is 
probably not quite as accurate as above stated. 
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Fic. 2.—LIQquIDUS ISOTHERMALS OF THE LEAD-CADMIUM-TIN SYSTEM. 


Tensile tests on joints made between pieces of copper, brass and steel rod and 
strips of galvanized and plain Armco iron showed a much greater variation between 
the different classes of solder than Mr. Swartz observed. This is shown in Table 5. 


Taste 5.—Mechanical Properties of Solders and Soldered Joints 


| 
Composition | Cast Alloy? | Soldered Joints 
| 
No | | | Z R Elonga d Copper Gal. Tron 
‘ Pb, Gdi i sn: , | Tens. Str.| 4. SER tion | Stri 
Per | Per Per Per Lb. see | ee aes | of Aten. He fe an Shear 
Cent | Cent Cent. | Cent. Sq. In. Ta. | Per Cent. per Sa) In: ae 
oe —_ = 
peel 707 |= 10" | “20° | | 6,595 | 55.0 | 55.0 2,350 
3 | 50 50 | 6,880 36.3 60.0 24,750 2,440 
dl | 60 20 20 9,475 | 18.3 37.5 20,050 2,400 
9 | 32 18 50 | 9,860 | 82.5 99.9% | 22,000 2,440 
23 40 60 | 22,400 4.8 12.0 27,150 4,840° 
26 80 20 | 22,250 19.3 34.0 33,250 5,550° 
| 


Each figure is the average of two or more results. 
¢ Speed of loading 3¢ in. per minute. 
» Drew down to a point. 
¢ Ungalvanized strip. 


This table includes the results only of a few typical compositions selected from the 
whole range studied. The tests on the cast alloys were performed on test pieces 


4A. Stoffel: Op. cit. 
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machined from 1% in. dia. chill-cast bars. The parallel portion was 214 in. long, and 
0.436 in. dia. The joints in copper rod were made between two pieces 0.314 in. 
diameter, with carefully turned flat ends. The solder layer, therefore, was tested 
in pure tension. The values for the strip joints, which were 1 in. wide and made 
with 14 in. overlap, are the only ones which are at all comparable with those one 
by Mr. Swartz, who used an overlap of the same area, although 1 in. wide by yy in. 
overlap. The results in Table 3 were expressed as ‘tensile strength-pounds. This 
presumably is the actual breaking load of the joints and would have to be divided by 
the area of the overlap to obtain the actual shear strength of the soldered area in 
pounds per square inch. The results of Mr. Swartz are in all cases very much higher 
than those of the present writer, a discrepancy which can hardly be due to the different 
shape of test piece. Perhaps a comparison is hardly justified because of the fact that 
Mr. Swartz used tin-coated steel instead of the plain and galvanized stock of the 


Fig. 3.—SoLpDERED JOINT IN COP- Fic.4.—Cross-SECTION OF A BROKEN 
PER MADE WITH 17.5 PBR CENT. ZINC, JOINT. 500. 
82.5 PER CENT. CADMIUM SOLDER. 
x 500. 


(Figs. 3 and 4 are reduced to approximately 2% original scale, original 
magnifications given.) 


writer. This would tend to favor the lead-tin solders rather than the cadmium- 
zine alloys. 

Impact tests on the joints showed them to be extremely weak. The test piece 
employed was a round butt joint, 0.314 in, dia., supported on knife edges, each 25 
mi. from the actual joint, at which point the falling pendulum struck. The strongest 
joints tested broke at 0.105 kg-m., a value so small as scarcely to be visible on the scale 
of the standard Charpy testing machine employed. Very crude tests made with a 
hand hammer showed that in general the lead-tin-cadmium solders were decidedly 
inferior to the straight lead-tin solders, although even joints made with the latter 
could be broken with extreme ease. 

The use of a binary lead-cadmium alloy as a solder of intermediate melting point is 
rendered difficult on account of the rapid oxidation of the cadmium. 
a small amount of zinc, as suggested by Hill,® 
raises the melting 
that is not conve 


The addition of 
although it prevents rapid oxidation, 
point and increases the pasty range considerably, making a solder 
nient touse. Tin similarly prevents oxidation but rapidly lowers the 


°C. W. Hill: Solder Without Tin. Chem. & Met. Eng. (1918) 19, 170. 
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melting point, and even in very small quantities gives rise to the ternary eutectic 
melting at 145° C. 

As soft solders of rather high melting point the cadmium-zine binary alloys are very 
good. The eutectic is slightly better than other compositions, but the cheaper 50-50 
alloy is more suitable for general use and is almost as satisfactory. This alloy com- 
mences to solidify at 326° C. and is completely solid below 265° C. The running prop- 
erties of the metal are excellent, as is to be expected from the high surface tension of 
both constituent metals. The joints are much stronger than those made with ordinary 
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Fia. 5.—CURVES OF EQUAL COST, LEAD-TIN-CADMIUM SOLDERS. 


soft solder. This is particularly so when joining steel, for when soldering copper the 
formation of layers of brittle compounds results in a somewhat weak joint. Fig. 3 
is a photomicrograph, at a magnification of 500, of a joint made between two pieces of 
copper rod, using solder of eutectic composition (17.5 per cent. zine, 82. 5 per cent. cad- 
mium). There is visible a layer of dark compound next to the copper, followed by a layer 
of white compound in contact with the solder itself. The boundary between the two 
is very distinct. If such a joint is broken, fracture will occur sharply between these 
two layers and will never travel other than perpendicularly through the solder. One 
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of the halves of the broken joint will have the layer of black compound remaining on 
it and the other will have the whole thickness of the solder and the layer of white com- 
pound adhering to it. Fig. 4, which is a cross-section of a broken joint, copper plated 
for protection during polishing, shows this well. When soldering steel, layers of 
compound of visible thickness are never formed and it seems to be the strength of the 
solder itself which determines the strength of the joint. 


KE. E. Scoumacuer, New York, N, Y.—For some time past an investigation has 
been in progress in the Bell Telephone Laboratories to develop new solders. In the 
course of this study about fifty Pb-Sn-Cd alloys have been tested and certain of them 
have been found to possess properties that recommend them as wiping solders. 

Since Dr. Schwartz barely touches upon the subject of wiping solders in his paper 
it seems desirable to say just a word in this connection. 

We have found that the alloys of high lead content in which no binary eutectic 
freezes out during solidification are especially good from the wiping standpoint. For 
instance, an alloy containing as high as 68 per cent. lead (68 per cent. Pb, 23 per cent. 
Sn, 9 per cent. Cd) functions satisfactorily and our laboratory tests indicate that this 
alloy possesses physical properties that are comparable with those of ordinary lead-tin 
solder (62 per cent. Pb, 38 per cent. Sn). Tinning with this alloy is rapid, it works 
nicely during the wiping process, it does not oxidize excessively at 400° C. and wiped 
joints made with it withstand a pressure test of 30 lb. per sq. in. without leaking. 
Some of the advantages of this alloy over ordinary lead-tin (62 per cent. Pb, 38 per 
cent. Sn) solder are: (1) it has a longer cooling range, which permits the splicer more 
time for shaping his joint, (2) it seems to tin more easily and at a lower temperature, 
and (3) it is cheaper. 

For conveniently showing the cost of the various binary and ternary alloys of 
Pb-Sn and Cd, a diagram of curves of equal cost for these alloys has been constructed 
(Fig. 5). From this diagram it is at once apparent that all alloys lying to the right of 
the 62 per cent. lead line are cheaper than ordinary solder. Further tests will have to 
be conducted before the value of these Pb-Sn-Cd alloys as wiping solders can 
be definitely appraised, but we can say now that as far as our tests have progressed 
certain of these alloys appear very promising. 


F. H. Epwarps, Brooklyn, N. Y. (written discussion).—I would like to ask 
two questions: 

1. Would it not be better to call the mechanical tests on soldered joints “shear 
tests” instead of ‘‘tensile-strength tests?’’ Solders are rarely employed under straight 
tension loads but their shear strength is important. It is quite fitting to call the 
tests on the lap joints, described on page 357, ‘shear tests.”’ 

2. Did the authors make any attempts to control the thickness of the solder 
film? Crow’ found this to be the most important feature of a soldered joint. The 
thinner this film of solder, provided proper wetting or alloying with the metals to 
be joined, the greater the mechanical strength of the joint made. It may also be 
remembered that the thickness of the solder in a joint is only a few thousandths of 
an inch and there may easily be a variation of 50 per cent., which will considerably 
alter strength values. 


R. 8S. Duan, Chicago, Ill.—I am encouraged by the amount of interest that seems 
to be arising in regard to soldering. It certainly is a most important process and 


°T. B. Crow: Some Properties of Soft Soldered Joints. Jnl. Soc. Ghent Ind. 
(1924) 43, 58. 
Some Scientific Aspects of the Process of Soft Soldering. Brass World (1925) 
21, 39, 133. 
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one about which we do not seem to know a great deal. I was much interested in 
what Mr. Smith had to say about wetting. After all, what many of us are interested 
in with regard to solders is not how strong they are within very wide limits, because 
most all solder is strong enough, particularly for a certain type of electrical joint, 
but in how quickly we ean apply it, which is a matter of how fast it will flow. Iam 
inclined to agree with Mr. Smith that that is a function more of the flux than of the 
solder, although I would like to know the effect of various solders in that connection. 


F. H. Cuarx, New York, N. Y.—It has been stated that these lead-tin-cadmium 
solders are quite satisfactory for use as wiped joints. . I would like to ask how the 
porosity of these joints compare with ordinary lead-tin solders. J am also interested 
in the electrical conductivity of these alloys. 


E. E. SchumacuEer.—Our data on the porosity of Jéad-tin-cadmium alloys are 
quite meager. We have found that a wiped joint made with an alloy composed of 
68 per cent. lead, 23 per cent. tin and 9 per cent. cadmium withstands an air pressure 
of 30 lb. per sq. in. without leaking. If the percentage of lead is increased to 70, the 
joint is porous. Joints made with lead-tin solders withstand this pressure test 
satisfactorily as long as the lead content is kept below 62.5 per cent. 


R. 8S. Dean.—Has anyone any data on the electrical conductivity of those alloys? 


F. F. Cotcorp, New York, N. Y—About 10 years ago Walter C. Smith did some 
work on these lead-tin-cadmium alloys as a substitute for 50-50 solder and my recol- 
lection is that the conductivity was higher than with the 50-50 lead-tin-solders. 


G. E. Datsey.— What results have been noticed in soldering or dipping radiators 
in the cadmium solders as compared to the lead-tin solders? With the ordinary 
dipping solder, say a 40-60 solder, sometimes in dipping there is a little patch on the 
surface of the brass that the solder has flowed around and has not covered, and in 
pulling that brass apart you find these bare spots. That even occurs after very 
careful cleaning of the brass. I wonder if the cadmium solder has more of a tendency 
to cover than the lead-tin solder. 


O. W. Euuis, East Pittsburgh, Pa. (written discussion).—Both zine and cadmium 
are subject to allotropic change; the former undergoes transformations at 180° C. 
and at 300° C., the latter between 60° and 70° C. The effects on these transfor- 
mation points of adding cadmium have not been investigated. There is no reason 
to suppose, however, that they are completely suppressed. 

The question arises as to the effect of the transformations of these two metals on 
the mechanical properties of their alloys at high temperatures. It is not impossible 
that this effect may be of outstanding importance. It is open to question, therefore, 
whether we can say offhand that “zinc-cadmium alloys offer promise of being suitable 
solders for certain purposes where they are to be subjected to temperatures, in use, 
at which tin-lead or tin-lead-cadmium solders would melt or weaken.” Preliminary 
tests by the writer seem to indicate a pronounced weakening at about 100° C. of 
joints soldered with the eutectic of this system. This may or may not be due to 
allotropic changes in the components of the eutectic, but it is a phenomenon that 


appears worthy of fuller investigation. 


C. E. Swartz (written discussion).—My replies to Mr. Edwards are: 

1. Although the tests made were in tension, an analysis of the strains shows that 
shearing is the greater factor in the failure. 

2. In these soldering experiments, it was our purpose to approximate as nearly 
as possible average hand-soldering operations, therefore no attempt was made to 
keep the solder layer uniform in thickness. However, a firm pressure was kept on 
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the work until the solder film was completely solidified. The film was found to be 
approximately the same thickness throughout the tests. 

The discrepancy between Mr. Smith’s data on the strength of the soldered joints 
and the author’s may be partly accounted for as follows: 

1. The testing machine used by the author was hand-operated, so no exact figure 
for rate of loading can be given, although it is believed that the speed of loading was 
slightly in excess of 1 in. per min. Hence the results would tend to be a little 
higher than those of Mr. Smith. 

2. The lap joint used by Mr. Smith was 14 in. wide and 1% in. lap, while 
those of the author were 1 in. wide with 14 in. lap. In soldering there is always 
a certain amount of adherence of solder film to the end of the strip, adding strength 
to the joint. Since the width of the strip used in the author’s tests was double that 
used in Mr. Smith’s tests, the increment of strength due to this factor is double. For 
this reason, no attempt was made to give the strength per unit area of surface soldered, 
as Mr. Smith has done. 


ea 


Some Peculiar Results in Hardness Tests of Lead-antimony 
Alloys 


By L. O. Howarp, PULLMAN, WasHINGTON 


(New York Meeting, February, 1928) 


Mucu work has been done recently on the lead-antimony system! 
in connection with lead-rich alloys of commercial importance containing 
less than 20 per cent. antimony. Dean, Zickrick and Nix have called 
attention to the perpetuation in the literature of several erroneous data, 
such as a eutectic temperature of 228° C. at 12.5 per cent. antimony, 
instead of 247° at 13 per cent. The series is given as a classic example 
of a straight eutectiferous series in such late books as those of Heyn and 
Grossmann,” Jeffries and Archer,’ Guillet and Portevin,* Pulsifer,° 
Rosenhain,® and Liddell,’ as well as the somewhat earlier works of Hof- 
man (1918), Wang (1909), and Williams (1920). The work of Dean has 
definitely shown a solid solution of antimony in lead at about 2.5 per 
cent. antimony. 

While lecturing to a class in general metallurgy at the University of 
Idaho, the writer had the students prepare a series of lead-antimony 
alloys for the purpose of illustrating methods of thermal analysis. Proper 
proportions of powdered antimony (sold as C.P.) and test lead were 
mixed and melted in graphite crucibles under a reducing cover. Cooling 


1R. S. Dean: The Lead-antimony System. Jnl. Amer. Chem. Soc. (1923) 46, 
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curves were taken with a rare-metal pyrometer, the alloys were remelted 
and cast in iron molds, as buttons weighing 100 to 200 gm. Specific 
grayities were determined and hardness tests made by a modification 
of the Brinell test devised by the writer. The antimony button (assumed 
hardness 55) and the one next lower in antimony content were placed in 
a vise with a 10-mm. Byinell ball between them and pressure applied 
slowly, taking care to release the pressure suddenly as it approached the 
maximum. ‘The diameters of the impressions were carefully measured 
and the depth h of the impression calculated. The unknown hardness 
was then readily calculated, being inversely ash. Repeating the test with 
_ the alloy of which the hardness has just been determined as the known 
and the alloy next lower in antimony as the unknown, and continuing 
through the series, the hardness of lead was found to be 5.17. Jeffries 
and Archer® give the hardness of chill-cast lead as 5.1 to 5.4. It seems 
probable, therefore, that the numbers given in Table 1 are correct for 
the upper surfaces of the particular alloys, since each hardness number 
is tied into the series in a manner impossible with the usual Brinell test. 


TaBLE 1.—Brinell Tests on Lead-antimony Alloys Made at University of 


Idaho 
Per Cent. Antimony..... 100 85 70 50 30 12.5 5 0 
Brinell Number......... 50°41 44 30.67 15.43" 23.77 -21 506s 6 te 


A year ago, at the South Dakota School of Mines, the writer had a 
similar set of alloys made from metals as pure as could be obtained 
commercially. Brinell tests made in a standard machine gave the 
irregular curve shown in Fig. 1, and were at first supposed to be due to 
possible erroneous determinations. This objection does not apply to 
the Idaho tests, which show somewhat similar irregularities. The low 
hardness numbers for 40 to 50 per cent. antimony alloys cannot be 
explained on the ground either of experimental errors or coincidence. 

Among causes considered was segregation, the tendency of certain 
lead-antimony alloys to segregate on slow cooling being the classic 
example chosen by most authors to illustrate the phenomenon of segre- 
gation. The alloys were stirred before casting and chill cast at a tempera- 
ture just safely above the solidification point. The equilibrium diagram 
(not reproduced) shows no abnormalities. Microscopie examination of 
sections cut to show the structure from top to bottom and center to out- 
side shows no appreciable segregation except in one or two specimens 
containing less than 30 per cent. antimony. Occasionally slight coarsen- 
ing toward the center was noted. The microscope, then, gave no 
positive assistance in determining the cause of the peculiar shape of 
the hardness curve. 
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Although as late as 1923 Dean® postulated the occurrence of a com- 
pound Pb,Sb at 12.5 per cent. antimony, later diagrams by him appear to 
leave this compound unconsidered. Our diagram shows no evidence of 
a compound although it is possible that one may have formed after 
solidification, which was not detected on our rather rough cooling curves. 
Sir William Roberts-Austen states,!° ‘Compounds are frequently harder 
than the constituent metals, but in a few cases are softer, for example, 
Cu.Sb is softer than antimony.” If this is true, it is possible that there 
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Fic. 1.—VARIATIONS IN HARDNESS OF LEAD-ANTIMONY ALLOYS REPORTED BY DIF- 

FERENT INVESTIGATORS. 


is a soft compound of antimony and lead near 40 to 50 per cent. antimony 
as yet undetected, which forms after solidification, and is, therefore, 
not evident in the usual equilibrium diagram, due to lack of careful 
experimentation in this region, and which more careful work such as 
that done by Dean and associates on the lead-rich end might reveal. 
Fig. 1 shows curves and parts of curves from several authors, and for 
comparison, the Idaho and South Dakota curves. The discrepancies 
are noteworthy. In the lead-rich end they may be attributed to tests on 
alloys that have had dissimilar treatments. The literature does not 
commonly give the condition of the alloy. Some are doubtless annealed, 


9 Jnl. Amer. Chem. Soc. (1923) 45, 1687. 
10 Sir William Roberts-Austen: An Introduction to the Study of Metallurgy, 229, 


C. Griffin & Co., Ltd., London, 1920. 
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giving low hardness, others chill cast, giving greater hardness, and others 
aged. Dean!! has demonstrated that annealing at 238° followed by 
quenching and aging for 10 or 11 days gives a hardness of 20.5 for a 10 
per cent. antimony alloy and 18.6 for one containing 5 per cent. antimony. 
Fig. 2 is plotted from Dean’s results and our chill-cast interpolation, and 
shows how discrepancies in hardness numbers at this end of the series 
may have gotten into the literature. 

Chill casting alone may be sufficient to account for high hardness. 
Jeffries and Archer!” give the hardness of the eutectic when chill cast 


BHN 


Fia. 2.—HAarDNESS CURVES OF VARIOUSLY TREATED LEAD-ANTIMONY ALLOYS. 


1. Heated to 238° C. and quenched (after Dean). 2. Aged el 7 
Dean). 3. Chill cast. e piabwa alee de aa 


as 20.36, which is close to that of our alloy containing 12.5 per 
cent. antimony. 

Close agreement between specific gravities as determined and as 
calculated serves as a check on composition in the absence of analysis 
eliminating the possibility of the low hardness at 50 per cent. anticony 
being due to excessive volatilization of antimony during preparation of 
the alloys, thermal analysis, and cooling. It is not likely that impurities 
would account for the softness of the 50 per cent. alloy. 


11 Trans. (1926) 78, 524. 
12 Op. cit., 346. 
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SUMMARY 


1. Hardness tests made at the University of Idaho on a series of chill- 
cast antimony-lead alloys show a decided drop in hardness of alloys 
in the vicinity of 50 per cent. antimony; a similar drop appears at 40 per 
cent. antimony in a similar series tested at the South Dakota School 
of Mines. 

2. Discrepancies in hardness numbers reported by various authors 
are doubtless due to the different treatment given, as indicated by curves 
showing the difference in hardness of quenched and aged specimens 
(from results of Dean). nies: a? 

3. The possibility of a soft compound of lead and antimony in the 
vicinity of 50 per cent. antimony, forming after solidification, must be 
considered and might be revealed by more careful work. Roberts- 
Austen’s statement that there is a soft compound of copper and antimony 
may be indicative of a similar compound of lead and antimony. 


DISCUSSION 


G. O. Himrs, Brooklyn, N. Y. (written discussion).—Some years ago we hardened 
some commercial antimonial lead sheet. The metal was considerably worked when 
produced, as the thickness was reduced more than 95 per cent. in rolling. Our 
specimens were hardened by heating to 235° C. and quenching in water. On aging, 
the Brinell hardness of these specimens varied as shown in Table 2. 


TasLe 2.—Effect of Aging on Hardness of Commercial Antimonal Lead 


Sheet 
ee 
IBYaiAjs Lataua Rae SO tae ae serene | 5/21/20 | 5/24/20 | 6/3/20 | 10/2/20 | 2/18/28 
Age after heat treatment........--.----- 1 Day 4 Days 14 Days | 104 Days ; 734 Yrs. 
4 per cent. Sb, untreated......... 8.1 8.6 8.3 
4 per cent. Sb, heat treated....... 24.3 24.3 22.0 22.8 18.4 
6 per cent. Sb, untreated......... [oe tedpio) 9.0 9.0 
6 per cent. Sb, heat treated....... 25-5 26.0 23.1 21.2 17.4 
8 per cent. Sb, untreated.......-. 9.5 10.1 10.0 
8 per cent. Sb, heat treated....... 26.3 26.5 25.3 24.0 19.9 


These findings are consistent with the predictions of Dean and co-authors.! 


R. S. Dean, Chicago, Il.—Mr. Howard has suggested particularly that the 
alloys around 50 per cent. antimony may show some peculiar characteristics. At one 
time I was convinced that there were compounds in that system but one by one the 
various things which might be said to support the idea have been removed. 

It was thought for many years that alloys of the eutectic composition of around 
15 or 20 per cent. antimony expanded: on solidifying. However, Fogler actually 


13 R, 8. Dean, L. Zickrick and F. C, Nix: Op. cit. 
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measured that and found they did not expand on solidifying. Various people have 
found various hardness maxima pretty well over this system, but there are two 
factors that affect this hardness maxima and minima which have nothing to do 
with compound formation, which we have to watch carefully—one, the hardening 
phenomena, and the other, simply the structural characteristics of the eutectic; that 
is the lead-antimony eutectic, which can be hardened depending on the degree of 
dispersion between the lead-antimony constituents. 

So, while Mr. Howard has rightly suggested that we do not know very much about 
the center portion of that system, I do not believe that the evidence for a compound 
there is very good. 


G. EK. Daxsry, East Berlin, Conn.—Mr. Dean called attention to the work of 
Fogler, who found that antimony-lead alloys did not expand on solidifying. Do you 
know whether lead-tin-antimony alloys will expand on solidifying? Type metals are 
built up with the idea that they will expand on solidifying and give sharp edges 
and corners. 


‘R. 8. Dean.—The question of type metals, that is the complex type metals, is 
one we have not gone into experimentally. A very sharp casting can be made with a 
20 per cent. antimony alloy, which was once used in certain classes of type-metal work, 
but the problem of getting a sharp casting has been largely erroneously traced, I 
believe, to the expansion on solidification. Those alloys do not contract as much as 
some other alloys, and in certain instances they may even contract less than the mold 
by which means they have effectively expanded. But I am inclined to believe it is 
more a matter of viscosity and surface tension at the time of solidification, because 15 
or 20 per cent. antimony alloys certainly do not expand on solidifying; they contract 
by an amount that would be expected from the contraction of antimony and the con- 
traction of lead. 


G. O. Hirrs.—Practically all type metals do undergo an appreciable volume 
shrinkage while solidifying. In most cases, this shrinkage is progressive, proceeding 
from the face of the type inward and toward the gate. Therefore, since the face of the 
type solidifies first, the amount of shrinkage upon solidification is not a matter of 
great importance. This shrinkage at the face is filled or offset by remaining molten 
metal from behind. I believe that the perfect casting of delicate type requires a 
metal having relatively low surface tension and that the shrinkage is a minor matter. 


L. O. Howarp (written discussion) —The dip in the hardness curve in the vicinity 
of 50 per cent. antimony remains unexplained, Hardening phenomena and structural 
characteristics of the eutectic, as Dean brings out, are sufficient explanations of 
the differences in the various curves that have been published. I had hoped, in 
presenting this paper, that some explanation of the dip would be forthcoming. The 
discussion is not favorable to the occurrence of a compound there, but the evidence 
against it is not given. I must admit that supporting evidence for a compound is not 
great, but, to date, the compound idea is the only one that has been advanced, and 
cannot be summarily dismissed without further experimentation or the bringing for- 
ward of more evidence than has yet been made public. If my paper will stimulate 
someone to careful investigation of this phenomenon, one of its purposes will have been 
served. I take it that the hardness curve of chill-cast antimony-lead alloys that I 


have published is accepted as substantially correct, and will serve as basis for further 
study of the whole range. 


—— 


The Cause of Translation Striae and Translation Strain- 
hardening in Crystals 


By M. J. Burercer,* Campripcn, Mass. 


(New York Meeting, February, 1928), 


PossrpLy the most puzzling features observed during a single-crystal 
deformation test are the appearance of slip striae on the surface of the 
crystal and the strengthening of the specimen.! While the first phenom- 
enon is mainly of theoretical interest, the latter is fundamental to all 
strain-hardening and cold-working processes in which the deformation 
occurs by translation. 

The plastic deformation of crystals has received considerable discus- 
sion? and need not be reviewed here in any great detail. It has been 
observed, essentially, that after a certain amount of initial stress is 
applied, the surface of the crystal becomes covered with sets of parallel 
striae or rings which appear to divide it into thin slabs or slip blocks.’ 
The striae are the traces of rational crystallographic planes along which 
shearing movements are localized, these movements providing the strain 
which accompanies stress applied beyond pure elasticity. As deforma- 
tion under the applied stress proceeds the slip blocks shear past one 
another, although the essentially single-crystal character of the specimen 
is unimpaired. All of the shearing apparently takes place in the immedi- 
ate vicinity of the original slip striae without the appearance of new 
planes of movement.‘ Since each increment of strain is attended by an 
increased stress requirement to continue the deformation, the crystal 
strengthens during the process. 


* Instructor, Department of Geology, Massachusetts Institute of Technology. 
1Samuel L. Hoyt: Plastic Deformation of a Zinc Single Crystal. Proc. Inst. of 
Metals Div., A. I. M. E. (1927) 118, Fig. 2. 
Orlando E. Romig: Preparation of Metallic Single Crystals and Twinning in 
Zine and Zinc Single Crystals. Jdem., 101, Fig. 9. 
2 For recent discussions see: J. T. Norton and B. E. Warren: Plastic Deformation 
of Metals. Proc. Inst. of Metals Div., A. I. M. E. (1927) 350. 
C. H. Mathewson and Albert J. Phillips: Plastic Deformation in Coarse-grained 
Zine, Idem., 143. 
Orlando E. Romig: Op. cit. 
Samuel L. Hoyt: Op. cit. 
3 See photographs shown by Hoyt: Op. cit., 120, Fig. 4, and 128, Fig. 6. 
4 Hoyt: Op. cit., 125. 
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With the simple lattice in mind, it can be shown that, under an applied 
stress, a given crystal should deform in a definite fashion. The direction 
of the shearing movement will be parallel to rows of consecutively like- 
charged atoms, and the planes between which such movement occurs 


will be the family of planes containing this translation direction which 


has the greatest interplanar spacing.’ Herein lies the discrepancy 
between inference and observed behavior. There appears to be no reason 
why every possible pair of planes of the family should not shear equally 
and simultaneously past one another, while, as a matter of experimental 
fact, the great majority of planes do not slip at all, the total deformation 
being accounted for by the select few in the immediate vicinity of the 
striae. Hoyt, in discussing zinc single-crystal deformation behavior, 
pointedly asks the question, ‘‘In the zine crystal, why is it that, of all the 
basal planes available for slip, so few are used, and what determines the 
selection?’’® It is the purpose of the present paper to develop a working 
hypothesis which will account for this feature as well as for strain-harden- 
ing, with which it is closely linked. 


DISTRIBUTION OF SLIP STRIAE 


Examination of a deformed crystal will reveal the fact that slip striae 
are not distributed at random. It is true that they are not always equally 
spaced—and the supposed reason for this will presently appear—but they 
display a certain periodic arrangement. Moreover, sharp serrations, 
rigidly delimiting slip blocks, do not necessarily accompany deformation. 
Hoyt found that the surface of a deformed zine crystal showed no mark- 
edly stepped appearance but remained relatively smooth despite the 
appearance of striations.’ The writer has noticed the same conditions in 
some deformed ore-mineral single crystals. The hypothesis immediately 
suggests itself that there is a certain periodic difference in character of 
the atomic planes, the consequences of which manifest themselves during 
deformation; certain sections of the erystal—those which constitute the 
slip blocks—are hard and rigid, resisting deformation from the outset, 
while others—the slip striae regions—are relatively soft and weak, and 
these sections grade into one another without abrupt changes in character. 
This hypothesis, being essentially a description of observed conditions, 
must have a strong claim to truth; the only uncertainty involved is 
whether the periodicity is indeed true periodicity, however complex, or 
merely an adventitious likeness thereof. 


*M. J. Buerger: The Plastic Deformation of Ore Minerals—A Preliminary Inves- 
tigation. Am. Mineral. (1928) 18, 15-17. 
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TOp. cit., 124. 
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If there is a periodic change, what causes it? It can be nothing inher- 
ent to the lattice itself, for the minute topography of the markings differs 
on various deformed crystals of the same species. On the other hand, 
when the universal hardening effects of dissolved foreign substances in 
solid-solution alloys are recalled, an explanation presents itself: the slip 
blocks may be harder by reason of their localized, dissolved impurities 
and the slip-striae regions softer because of their relative freedom from 
impurities. This possibility becomes the more plausible when one reflects 
that, due to the very general solubility of one substance in another, even 
though it be in traces, no crystal can more than remotely approach 100.0. 
per cent. purity. ; 

Such an explanation calls for a discussion of solute-atom distribution 
in crystal lattices. 


THe Impurity PossrBiILity 


Solute-atom Distribution 


Rosenhain® has shown that solid-solution crystals demand distorted 
solvent lattices on account of the disturbing influence of the introduced 
solute atoms. Since even the purest crystals obtainable are nothing more 
than very dilute solid solutions at best, it is obvious that this distortion 
must be operative even in the so-called ‘‘pure”’ crystals. 

In the ideal crystallization of a solid solution, there are several condi- 
tions prescribing the points at which solute atoms must attach themselves 
to the solvent lattice. The frequency of their attachment—that is to say, 
the equilibrium relations between the atomic fractions present in the melt 
and in the crystal—is a matter of physical chemistry and is not germane to 
the present discussion. On the other hand, the arrangement or spatial 
disposal of the foreign atoms is a matter of highest importance. These 
must, under equilibrium conditions, assume such positions as not to 
degrade the symmetry of the parent lattice. Besides the theoretical 
grounds for this concept, there are numerous experimental checks, among 
which may be cited the fact that all the physical properties of a single 
phase of a solid-solution series are continuously varying and without abrupt 
changes in crystal class, optical effects, etc. Furthermore, since the 
presence of a foreign atomic species is attended by a lattice distortion, a 
consequence of the varying atomic volumes of solute and solvent atoms, 
the distortions must so distribute themselves as to minimize the tendency 
of the larger atoms to increase the lattice dimensions. In other words, 
the potential energy of the crystal must be a minimum, and to satisfy 
this requirement, the distortions, and hence the solute atoms producing 


8 Walter Rosenhain: Solid Solutions. Trans. (1923) 69, 1003-1034; see especially 
1011-1017. : 
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them, must be disposed in a well-nested or close-packed arrangement.® 

Every solute atom will be surrounded by an aureole of distorted 
lattice structure (see Fig. 4), as has been brought out by Rosenhain. 
This primary distortion, being symmetrically distributed, is, of course, 
not detectable by optical means which, by their nature, give essentially 
statistical effects over enormous volumes of the structure. X-ray 
methods, however, give some evidence of lattice distortion. Davey,’ 
in making precision measurements of lattice constants, was struck by 
the especial sharpness of the diffraction lines of 99.9995 per cent. pure 
tungsten. The inference is that the pureness of the crystals allows 
atomic planes to approach true flatness and give an unspread X-ray 

reflection beam, while the presence of the usual impurities ordinarily 
gives rise to somewhat spread reflections by slightly curving the 
reflecting planes. 

The lattice distortion: must be greatest in the immediate vicinity of a 
solute atom and of rapidly decreasing magnitude at increasing distances 
from it, where the disturbing influence of the foreign particle is felt more 
and more remotely. 


Mechanism of Plastic Deformation of a Crystal Containing a Single Solute- 
atom Species in Minute Amount 


If the model of a crystal whose impurity consists of a single solute- 
atom species, as above presented, is examined, the possibility of its 
explaining many otherwise anomalous crystalline behaviors will become 
apparent. While the applicability of the theory is general, the lead 


®T have been very fortunate in being able to discuss this manuscript with Prof. 
J. T. Norton and Mr. B. E. Warren of the Department of Physics, and with Dr. R. H, 
Aborn and Mr. E. W. Brugmann of the Research Laboratory of Applied Chemistry 
of the Massachusetts Institute of Technology. In the opinions of these crystal- 
structure investigators, one of the chief objections to this hypothesis is that there is 
no experimental evidence for a regular arrangement rather than a random arrange- 
ment of solute atoms in a dilute solid solution and that, moreover, certain investiga- 
tions (C. H. Johansson and J. O. Linde: Gitterstruktur und elektrisches Leitver- 
mégen der Mischkristallreihen Au-Cu, Pd-Cu und Pt-Cu. Ann. Physik (1927) 82, 
449-478) point to a random solute atom disposal in unannealed metals. This 
objection certainly can not be disregarded in the evaluation or the modification of a 
final working hypothesis. The present paper is a purely speculative one, without 
essential experimental backing, and represents an attempt to explain hardening and 
slip-striae production assuming the ideal conditions of equilibrium crystallization. 
The assumption of equilibrium is essentially a simplification in the development of 
the hypothesis. In so far as actual conditions may be found to depart from the 
assumed ideal conditions, to just such a degree must the present hypothesis be 
modified to include such irregularities, should its general outlines meet with any favor. 

0 Wheeler P. Davey: Precision Measurements of the Lattice Constants of Twelve 
Common Metals. Phys. Rev. [2] (1925) 25, 758. 
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sulfide structure will be employed to demonstrate a few of its conse- 
quences. A view of this structure is shown in Fig. 1. 

The symmetry of the lead sulfide structure demands an isometric 
distribution of distortion centers, and of the possible methods of group- 
ing the solute atoms occasioning these distortions, the face-centered 
cubic arrangement offers the closest packing. Thus the atoms would 
have the arrangement shown in Fig. 3. 

For the purposes of observing the effect ofysolute atoms on deforma- 
tion it will be necessary to gain some picture of the manner in which the 
distortions disturb the planes along which translation occurs. Fig. 2, 
corresponding to the unit cell in Fig. 1, shows one family of translation 
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Fie. 1. Fie. 2. 

Fic. 1—LEAD SULFIDE STRUCTURE. 

After the method of representation employed by Hull. Black balls represent 
positive ions, white balls negative ions, or vice versa. 

Fig. 2.—ONE SET OF ATOMIC TRANSLATION PLANES (001) CORRESPONDING WITH 
THE STRUCTURE SHOWN IN Fic. 1. 

One translation direction of these planes (a direction of alignment of consecutively 
like-charged_ atoms) is indicated by the arrow. Note that cross-sections of the 
lattice on (110) planes intersect the translation planes along translation lines. Any 
distortions of these lines may thus be pictured on these cross-sections. 


planes together with one of their two possible translation directions, 
It will be observed that by taking cross-sections of the lattice on (110) 
planes, which include the translation direction [110], the influence of dis- 
tortions on both translation lines and translation planes (001) may be 
studied. Fig. 3 shows the location of such cross-sections with reference 
to the lattice as a whole, and Fig. 4 gives a single detailed section taken on 
plane a, Fig. 3. Note that each of the solute atoms is surrounded by its 
aureole of distorted lattice. 

As a graphical means of representing the varying magnitude of the 
distortions, plots are included at the left of Fig. 4. On these, the devia- 
tions of translation lines from straightness are plotted against the positions 
of the lines in the lattice cross-section. By plotting several of these 
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graphs, one for each cross-section between a and b, Fig. 3 (such as graphs 
c, d, e, f, ete., Fig. 4) and combining these, a composite graph is obtained 
which gives a measure of the deviation of each translation plane from flat- 
ness (Fig. 4h). It will be noted that the distortion of a plane is never 
absolute zero, and that the translation planes of least distortion occur 
halfway between the planes containing the disturbing solute atoms. 

For translation to occur with least resistance, the planes between 
which the shearing occurs must be absolutely flat. Such a condition does 
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Tia. 3.—PorvTION OF THE (IMPURE) LEAD SULFIDE LATTICE SHOWING THE LOCATION 
OF CROSS-SECTIONS ON 110 PLANES. 


The small cubes are single unit cells of the lead sulfide structure, no attempt 
being made to represent solvent atoms. Black dots indicate the face-centered 
distribution of solute atoms of a single species in the lattice. 


not obtain in any crystal containing the least trace of impurity, but it is 
reasonable to expect that, this ideal situation being absent, shear will 
be initiated upon application of sufficient stress, between sets of transla- 
tion planes showing the least differential distortion, such as those in the 
regions of k, l, m, and n, Fig. 4, halfway between solute-atom planes. 
In the regions of the solute-atom planes, according to this, the crystalline 
structure is initially hard and rigid because of the locking action of the 
primary distortions. 

As stress is applied to the crystal beyond the pure elastic limit of the 
weakest pairs of planes (near k, l, m, and n, Fig. 4) the restoring forces 
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of the ions in these planes are overcome and translation takes place. 
As it does so, the original, closely nested disposition of distortions (Fig. 
5a) is altered and a new, less compact distribution approached (Fig. 5b). 
Since, by hypothesis, the original distortion distribution was that of least 
potential energy, it is obvious that the potential energy of the lattice 
must be increased by translation, the distortion aureoles tending to 
assume positions nearer one another, where, not nesting so compactly, 
they expand the lattice. The force necessary to continue translation 
thus consists not only of that necessary to overcome interatomic friction, 
but also of that necessary to increase the dimensions of the erystal. 


> 


A 7 5 ee; 


Fra. 4. DETAILED SECTION OF LATTICE ALONG PLANE @, Fig. 3, SHOWING DISTORTIONS 
OCCASIONED BY SOLUTE ATOMS. 


Curve c shows graphically the deviation of a translation line from straightness 
as a function of its position in the cross-section; g is a similar curve for plane 6, Fig. 
3. In this case the solute atoms occupy the dotted positions shown in the above 
figure. Similarly, d, e, and f are distortion curves for cross-sections intermediate 
between a and b, Fig. 3. Curve / is a composite of c, d, ¢, f, and g, and may be taken 
to represent, roughly, the deviation of a translation plane from flatness, as a func- 


tion of its lattice position. 


In other words, the planes must not only be slipped apart during deforma- 
tion but they must also be lifted away from one another. A partial 
confirmation of this is seen in Beilby’s" findings that the specific gravities 
of crystals decrease on cold working, although this investigator sought 
thereby to add probability to the amorphous-metal hypothesis. 


1G. T. Beilby: The Hard and Soft States in Metals. Jnl. Inst. of Metals (1911) 
6, 18. 
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Fic. 5.—(For CAPTION SEE PAGE 383.) 
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It is important to note that, since the distortions become increasingly 
great in the neighborhood of the solute atoms producing them, the “hills” 
up which the planes are pushed become continually steeper. Thus, the 
pair of planes initiating translation will probably continue for a distance 
of several atom diameters without any appreciable increment of force 
necessary to continue the movement, but a point is eventually reached 
where less force is required to start translation anew along the planes 
of next least differential distortion than to continue it on the initial pair. 
New planes thus operate as translation planes as their predecessors 
are blocked. . 

This process continues until the lattice is in an almost unstable 
condition; that is, until further translation on any pair of planes would 
so far separate them that cohesion under the load used would no longer be 
possible. Further increase in stress then produces cleavage. 


Complications Due to the Presence of More than One Solute-atom Species 


The simple case outlined above is only a start in the direction of 
explaining actual lattice deformations, which may become quite compli- 
cated with the presence of more than one solute-atom species. The writer 
hesitates to discuss the more complex general case because of lack of 
knowledge of the laws governing the distribution of solute atoms when 
several species are present. Yet it may not be amiss to set down a few 
preliminary remarks on certain aspects of the problem, bearing in mind, 
however, the speculative nature of the discussion. 

Whatever complex grouping the various solute atoms might con- 
ceivably assume, it is essential that they preserve the lattice symmetry. 
There appear to be two manners in which this may be accomplished: 

(1) The solute atoms of all species might arrange themselves through- 
out the lattice in complex, heterogeneous groups, each group maintaining 
the symmetry of the structure or a higher symmetry. 


Fig. 5.—DIAGRAMMATIC REPRESENTATION OF INCREASE IN POTENTIAL ENERGY 
AS A RESULY OF THE REDISTRIBUTION OF DISTORTION CENTERS (BLACK DOTS) 


ACCOMPANYING TRANSLATION. 
The figures show three strips of (001) planes containing solute atoms. The 
translation direction is indicated by the arrow. No attempt is made to show the 
lanes. 
Boe eo nal face-centered cubic arrangement of distortion centers. Note that 
each black dot in the central plane nests equidistant from four others in the upper 
and four in the lower plane (besides four in the same plane, only two of which can be 
seen in the figure). This is the arrangement of closest nesting of distortions and 
consequently of least potential energy of the lattice. 

b. Distribution of distortion centers approached when the planes undergo trans- 
lation. Note that now each distortion center in the middle plane rests between only 
two others in the upper plane and two in the lower plane (besides those in the same 
plane). This nesting is less compact and hence the lattice must expand to accommo- 

king of distortions. ; 
Fe PN tation of bending during deformation. Part of the distortions 
(right side of figure) behave as in b, while others (at left), in response to demands of 
less potential energy, either fall back into the original position or remain there from 
the start. The result is a warping or curling of the planes—Biegegleitung. 
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(2) Hach species of solute atom might distribute itself throughout the 
lattice in close-packed arrangement without essential regard to the pres- 
ence of other species, each species behaving as if it were the only one in 
solution in the pure lattice (see Fig. 6). 

Since chemical analyses show that impurities may be present, within 
their limits of solubility, in any varying relative amounts whatever, it 
appears that possibility (1) can not obtain. A continuously variable 
arrangement is demanded by the nature of solid solutions, and it isobvious 
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Fic. 6.—A CONCRIVABLY POSSIBLE DISPOSAL OF SOLUTE ATOMS IN THE LEAD SULFIDE 
LATTICE WHEN TWO FOREIGN SPECIES ARE PRESENT. 


The figure is a (001) plane of the lead sulfide structure on which both foreign 
species are in phase. The solvent atoms are not shown, but the size of the lead 
sulfide unit cells is indicated in the upper left corner of the figure. Each species of 
solute atom is disposed in face-centered arrangement without regard to the presence 
of the other species. The dotted lines delimit the solid-solution unit cells, in the 
center of which all solute-atom arrangements are in phase. 


that (1) requires a new complex grouping for any slight concentration 
change affecting a single constituent—a requirement which would necessi- 
tate discontinuous physical properties. It is difficult to escape the con- 
clusion that while (2) apparently defeats the fullest requirements of close 
packing, it is the more plausible possibility. 
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Assuming disposal (2) to obtain, several crystallographic consequences 
at once follow. It is customary to designate as the unit cell of a crystal 
the smallest portion of the atomic structure which, by simple translation 
along its codrdinates, will reproduce the entire lattice, and which, there- 
fore, has the symmetry of the lattice as a whole. If arrangement (2) is a 
true picture of actual conditions, it is manifest that, strictly speaking, the 
unit cell must include that volume of the lattice contained between the 
nearest planes along which all impurity arrangements are 180° out of 
phase with one another, the center of the cell marking the position where 
all arrangements are in phase (see Fig. 6). Thus the unit cell would 
be larger: es a 

(a) The smaller the concentrations of the solute atoms, since small 
concentrations require the unit arrangement of each species to be of great 
dimensions. 

(b) The smaller the concentration differences between the various 
solute-atom species, excepting exact equality, since nearness of concen- 
tration values enhances the distances between “‘in phase” planes. 

(c) The greater the number of solute-atom species, since this 
would make the ‘‘in phase” relations more infrequently satisfied 
simultaneously. 

The enormous size of a dilute, complex, solid-solution unit cell may be 
of only academic interest for most purposes, but it has, if true, a very real 
significance in deformation phenomena. The exceedingly low fre- 
quency of major distortion periods would account for the fact that slip 
striae are visible with the eye, alone or aided by low magnifications. 

The effect of all solute atoms on translation behavior may be studied 
by the method previously employed. Thus, by plotting a curve repre- 
senting the distortion occasioned by each foreign species present in the 
lattice and combining these to form a single composite curve, the total 
lattice distortion may be represented. In general, such a graph will 
have numerous maxima and minima of various relative magnitudes. 
Planes in the regions of least minima initiate translation (Fig. 7) and a 
sequence of events essentially similar to that previously discussed ensues. 

The topography of the external surface of an originally smooth cry- 
stal will bear a close relation to its distortion curve after deformation, as 
shown in Fig. 7, the slip striations corresponding with positions of strong 
minima on the curve. The detailed character of the striations may con- 
ceivably vary widely. If the minima are sharp—. e., the curve is steep 
in these regions—the resulting crystal surface may be cleanly serrated 
and the whole crystal appear to be constituted of discrete “slip blocks,” 
as shown in Fig. 8A andB. On the other hand, if the minima do not differ 
greatly in magnitude from the maxima, and the curve has a generally 
slight slope in the minimum regions, the deformed crystal may present the 
appearance of a necked cylinder, the surface being undulating, as shown 
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in Fig. 8C and D.' This would account for the absence of marked 


serrations noted by Hoyt." 


Fic. 7.—RELATION BETWEEN THE TOPOGRAPHY OF THE SURFACE OF A DEFORMED 
CRYSTAL AND ITS TRANSLATION-PLANE DISTORTION CURVE. 
A shows the distortion curve of t ry : ros 1 
erat ose Se the crystal; B and C, cross-sections of the crystal 
2 S$ Surtace. In b, deformation has just started along the two planes of 


minimum initial distortion. In C, several ; : : 
f bE ie al other planes have also sh 
of somewhat greater distortion. : , pped in regions 


It is interesting to note that the mechanism described might account 
for the curved spots encountered on Laue diagrams of deformed crystals. 


2 ae with the photograph given by M. Polanyi and E. Schmidt: Verfesti- 
gung und Entfestigung von Sn Kristallen. Zeitschr. fiir Phys. (1925 i" 
yee uae fi ys. (1925) 32, 700, Fig. 12, 
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The bunching of distortion centers obviously places the crystal in an 
unstable equilibrium, and the tendency of the lattice to seek a lower level 
of potential energy might possibly cause a lattice curvature somewhat as 


a re 
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D 
Fig. 8.—INFLUENCE OF THE SHARPNESS OF DISTORTION-CURVE MINIMA ON THE TOPOG- 
RAPHY OF THE DEFORMED CRYSTAL. 
B and CG, originally single-crystal wires, have distortion see A and D, respec- 
tively. In A, the minima are sharp; in D broad and ill-defined. eee ee 
B thus deforms by block slipping since the regions of weakness oe a oe - 
ized. C deforms by a distributed slip since its regions of weakness are broad; it thus 


presents the appearance of a necked cylinder, constriction taking place over broad 
areas. 


indicated by Fig. 5c. It is also of interest to observe that the distributed, 
differential translation described degrades the symmetry of the crystal 
by redistributing the solute atoms inthe lattice. Since the optical proper- 
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ties are dependent on the lattice symmetry, an originally isometric 
crystal should be expected to display anistropism as a result of transla- 
tion. Confirmation of this is found in Veit’s experiments on fluorite, 
which, normally isotropic, became birefringent in the regions of the trans- 
lation striae accompanying deformation. It is recognized, of course, 
that this effect may also be explained by simple strain or bending. 

There are several other consequences of this hypothesis which are well 
in accord with experimental data, among which might be mentioned the 
decreased electrical conductivity of crystals due to impurities, the paral- 


lelism of electrical resistance and hardness curves in solid-solution series, 


the temperature rate of increase of ductility, and the necessity of second- 
ary twinning in the deformation of concentrated solid-solution crystals." 
However, these topics are beyond the scope of the present brief paper. 

While the details of the foregoing discussion may be in error, it seems 
that some such conditions may account for strain-hardening. Of 
course, it has been assumed, for the sake of simplicity, that the cry- 
stalline structure forms under the ideal conditions of equilibrium, condi- 
tions which perhaps are only very closely approached in nature. In 
actual crystallization the solute atoms possibly do not have sufficient 
time to assume a precisely accurate close-packed arrangement, but 
certainly they must approach this condition approximately in an attempt 
to keep the potential energy of the crystal a minimum. Admitting this, 
it follows that, by translation, this condition of (at least approximately) 
least potential energy must be destroyed if impurities are present, and 
the stress necessary to accomplish this beyond elasticity accounts 
qualitatively for strengthening. 


DISCUSSION 


J. W. Gruner, Minneapolis, Minn. (written discussion) —Dr. Buerger’s hypo- 
thesis might be accepted by many students of erystal structure but for one major 
objection: he considers all crystals as solid solutions on account of the impurities in 
them. These impurities under ideal conditions are supposed to form a geometrical 
lattice similar to the lattice of the solvent. 

Let us assume, for example, a metal with a purity of 99.9 per cent. The remaining 
0.1 per cent. could be all one element, but more likely it would consist of a number of 
different elements. If it were one element, the unit cell of its lattice would necessarily 
be of such dimensions that like atoms would be 10 times as far apart in the solute as 
like atoms of the solvent in corresponding directions. It is difficult to see how the 
solute atoms could have this orienting power with respect to one another over rela- 
tively great distances, probably over distances greater than assumed in this ideal case. 
Since the solute atoms would have to occupy geometrically equivalent positions with 


4“ Kurt Veit: Kiinstliche Schiebungen und Translationen in Mineralien. Neues 
Jahrb. f. Min. Geol. u. Pal. (1922) Bl. Bd., 124. 


© M. J. Buerger: The Plastic Deformation of Ore Minerals. Am. Mineral. 
(1928) 13, 49. 


no bGae ct dc bbe ie) ee eee 


DISCUSSION 389 


respect to those of the solvent atoms (as shown in Fig. 4), it is obvious that the solute 
atoms could not be present in any random proportion without violating the geometrical 
symmetry underlying the theory of space groups. It was this consideration that led 
Tammann to his hypothesis of ‘reaction limits’? which, however, was not accepted 
by most investigators. 

The arrangement presented in Fig. 6 is a case where solute atoms evidently occupy 
positions not equivalent to those occupied by the solvent atoms (not shown in the 
figure). The symmetry of the outlined new unit cell for the solute atoms is lower 
than that of a theoretical lead sulfide structure. This would probably be the case 
in most solid solutions, if the outlined hypothesis is corrett. Under the most favorable 
conditions and by precision measurement in X-ray analysis, it may become possible 
in the future to detect such lowered symmetry. , 


Grain Growth in Metals Caused by Diffusion 


By Fioyp C. Keiury,* Scuenectapy, N. Y. 


(New York Meeting, February, 1928) 


Tue literature of the last decade is rich with information relating 
to the cause and means of control of grain growth in pure metals, but is 
deficient concerning the role diffusion plays in grain growth, although 
during this period many new products that depend on diffusion for their 
- properties and success have been developed. Among these are cementa- 
tion products, produced by ecalorizing, chromizing, and carbonizing, or 
by mixing, pressing, and sintering powdered metals such as Syke’s iron- 
molybdenum die material, Genelite, and Eleon Metal (copper, tung- 
sten) ete. 

This is a fertile field for new developments, but before it can be util- 
ized to the fullest extent there must be a thorough investigation of the 
processes by which diffusion and grain growth take place. Grain 
growth plays no small part in the process and certainly the physical 
properties of these products depend largely on the grain size and state 
of equilibiium produced. The field of investigation does not end here, 
but may be extended to the effect of diffusion on impurities, segregations 
and dendrites in the broad field of ferrous and non-ferrous metallurgy. 

A number of years ago the author investigated several of these cases 
and noted, with striking regularity, the pronounced effect of diffusion in 
promoting recrystallization and grain growth. An example of this 
phenomenon is given in his paper on chromizing! which contained 
photomicrographs of large radial or columnar crystals produced by 
diffusion of chromium in the solid state. Another manifestation of this 
effect was discussed by Austen,? who showed the part hydrogen plays in 
the decarburization of steel and the effect of diffusion upon the 
grain structure. 


Dirruston oF Merats In [Ron 


It seems to be a general law, whenever two metals are brought into 
intimate contact at a temperature at which diffusion takes place, that a 
comparatively rapid, or abnormal, grain growth results. The grains 


* Research Laboratory, General Electric Co. 
1 Floyd C. Kelley: Chromizing. Trans. Am. Electro-Chem. Soc. (1923) 48, 351. 
> Charles R. Austin: Hydrogen Decarburisation of Carbon Steels with Considera- 
tions of Related Phenomena. Jnl. Iron and Steel Inst. (1922) 105, 108. 
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Fic. 1.—CoLD-ROLLED IRON CHROMIZED AT 1300° ro 1350° C. ror4uHR. X 70. 
3 4, 


Fic. 2.—CoLp-ROLLED IRON CHROMIZED AT 1300° To 1350° C. ror 8 HR. 


Fic. 3.—CoLp-ROLLED IRON FIRED IN S1 + ALO; aT 1100° C. ror 34% ur. X 40. 
S x 40. 


Fic. 4.—CoLp-ROLLED IRON FIRED IN Sn + A120; AT 1100° C. ror 34 aR. 
Fi1a. 5.—CoLbD-ROLLED IRON FIRED IN PURE Mo powbDERAT1350°C. FoR3 HR. X 90. 
Fic. 6.—CoLp-ROLLED IRON CALORIZED AT 1000° C. ror 4 HR. AND REHEATED TO 


ISO? C, mom B. wis, >< Gk 
(Reduced to 65 per cent. original scale, original magnifications given.) 
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are nearly always oriented with their long axes parallel to the direction 
of diffusion. This is shown in Figs. 1 and 2,which are typical of radial or 
columnar structure produced by diffusion of chromium in iron. 

There is evidence that when the supply of chromium at the surface of 
the iron is limited, diffusion beyond a certain point results in grain refine- 
ment of the surface grains, and a loss of the sharp line of penetration. 
This is shown by a comparison of Figs. 1 and 2. The sample in Fig. 2 
was heated twice as long as that in Fig. 1. The chromium for diffusion 
was furnished by a mixture of 55 per cent. Cr and 45 per cent. Al:O3 
in actual contact with the surface. 


Fia. 7.—Conp-ROLLED IRON FIRED AT Fig. 8.—CoLD-ROLLED IRON FIRED IN 
1250° C. ror 3 HR. IN Mn + At,O3. CHROMIUM AT 1300° To 1350° GC. For 4 HR. 
« 100. TAU 


(Reduced to 65 per cent. original scale, original magnifications given.) 


Many other metals diffuse into iron in the same way, as is shown in 
Figs. 3 to 7. The resemblance between the crystal structures of the 
diffusion areas is very striking, with the exception of the sample shown in 
Fig. 7. The diffusion of manganese in iron is very slow even at the 
melting point of manganese, and from the color of the surface crystals 


under the microscope one can tell that they are very rich in the dif- 
fusing element. 


Meruop or GRAIN GrowTH 


The question as to the manner in which grain growth takes place, the 
effect of diffusion on orientation, and grain size are all of importance to 
the future development of this field and metallurgy in general. 

The diffusing metals.in all of these experiments were not over 200 mesh 
mixed with precipitated Al,O; with the exception of the one in which 
molybdenum was used, Fig. 5. Pure molybdenum metal was used in 
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this case. It would seem from these experiments where the vapor pres- 
sures of the diffusing elements are very low at the temperatures used, 
with the exception of aluminum, that diffusion took place almost entirely 
from particles in contact with the surface of the iron. Outward diffusion 
_ of the iron was limited by the Al,O; to those particles in contact with 
the iron surface, which is a very short distance compared to the length 
of the columnar grains. Diffusion under these conditions is in the direc- 
tion of the center of the sample. The surface grains of iron absorb 
the particles of powdered material, and the direction of diffusion of the 
material determines the direction and position of the long axes of 
the grains. Grain growth starts by a surface grain of iron absorbing the 
powdered material and the grains thus started continue to grow inwards 
by absorption of smaller grains through migration of the grain bound- 
aries. The grains of iron absorbed by the continually growing mixed 
crystal are forced to change their orientation to conform with that of the 
absorbing grain. 

Close examination of the sample treated in pure powdered molyb- 
denum, Fig. 5, where diffusion is allowed to take its course in both direc- 
tions, shows that each columnar grain has grown upon the surface of a 
grain in the iron. This case shows that the iron grain has been the 
seed for grain growth and has probably forced its atomic arrangement 
upon the molybdenum-rich constituent as the iron diffuses out through 
it, unless the force of diffusion is sufficient to change its orientation. 


Force or DIrrusion 


“Force of diffusion” is a new term, and its introduction calls for some 
comment. While the author does not want to be dogmatic, it has seemed 
to him that the common laws of crystallization do not completely account 
for the observations he has made. The passage of a group of atoms 
through a metal lattice appears to exert a powerful force on the lattice, 
sufficient to produce reorientation, and this force is termed the “force 
of diffusion.” 

It may be that the dark line between seed grain and its continuation in 
the columnar represents a distortion of the crystal lattice. This distorted 
area would be due to the influence of diffusion and would act as a zone of 
transition between the different orientations of this grain with respect to 
the axis of diffusion. 

There is a single large grain at the left of the center in Fig. 5, which 
extends across the boundary line between the iron grains of the core and 
the columnar grains at the surface. It shows no dark line across it. 
This particular grain by chance had the correct orientation for diffusion 
to take place with the greatest ease. There is no distortion of the grain 
through the influence of diffusion in this case and the dark line is lacking. 
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DIFFERENT ForMs oF GRAIN GROWTH 


In Figs. 3 and 4 may be seen the results obtained by firing cold-rolled 
iron samples in silicon and tin respectively. The metal powders used for 
diffusion in these cases were mixed with Al,O;, so diffusion took place 
in one direction only. There is diffusion of iron also, but not beyond the 
old surface. The number of columnar grains that seem to be joined to 
iron grains on the opposite side of the sharp line marking the distortion 
area are far fewer in both cases than in the one where pure molybdenum 
was used. Grain growth started at the surface of the samples by small 
grains of iron absorbing the diffusing material and extended by migration 
of the grain boundaries in the direction of the diffusing force. It seems 
as though the outward force of diffusion in the molybdenum-iron experi- 
ment had something to do with the positive linkage of the grains on 
opposite sides of the line of distortion. 


Fic. 9.—DRriLt Rop DECARBONIZED IN HYDROGEN atv 850° C. FoR4 HR. > 40, 
(Reduced to 65 per cent. original scale, original magnification given.) 

ig. 8 shows an abnormal case of diffusion of chromium in iron where 
the grains are not radial. There are two distinct bands or chromized 
layers; at about the center of the photograph is a single grain extending 
from the outer band across the inner band into the iron core. The grain 
shows no signs of this banded structure. 

Experiments with iron and nickel at 1350° C., where the nickel 
is in powder form, shows that the iron does not take up the nickel. If 
the sample of iron is packed in pure nickel powder and fired at the same 
temperature, the iron sample grows smaller and loses in weight, showing 
that diffusion takes place from iron to nickel. 

The effect of decarbonization of iron by hydrogen is well known. 
Fig. 9 shows the radial grains produced on the surface of a sample of 
drill rod decarbonized in hydrogen at 850° C. for 4 hours. 
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ReEcENTtT WorK IN GERMANY 


A paper by G. Grube,*® just published, deals with the diffusion of 
Cr, Al, W, Mo and Si into iron and Cr into Ni. It also gives the diffusion 
curves of Al, Cr, W and Moin Fe. Electrolytic iron was used for the 
experiments. The mathematical determination of the coefficient of 
diffusion is discussed and also the resistance to corrosion of the various 
coatings obtained by diffusion. Grube brings out the following points: 

1. It can be assumed that metals that cryst&llize in the cubic system 
will generally diffuse into iron. 

2. Aluminum does not diffuse into iron below 640° C. even after 
heating for several days. : 

3. Radial crystals are grown on the crystal faces of the core. 

4. The dark line of demarcation separating radial crystals and the 
core is not the limit of penetration of the diffusing material. 

5. Diffusion takes place by an exchange of atoms between the diffus- 
ing metals. That is, for every atom of tungsten diffusing into iron an 
atom of iron diffuses into tungsten. 

6. Diffusion through the radial crystals is at a maximum rate and in 
the direction of their long axes. 

This work checks in a general way all of the findings described in 
this paper. Grube showsa photograph (Fig. 17) of the diffusion of molyb- 
denum into iron which agrees exactly with the findings shown in Fig. 
5 of this paper. The two experiments were conducted in the same way 
and bring out point 3 mentioned above. 

He established point 4 by turning off the penetrated layer in a series 
of cuts. Each cut was only a fraction of a millimeter, and the material 
from each cut was analyzed. The percentage of diffusing element found 
was plotted against the penetration to give the diffusion curve. His 
curve for Al, Fe shows that the zone of diffusion from 6 per cent. to 0 
per cent. Al lies in the core inside of the dark line of demarcation. 

The reason for sharp falling off in the rate of diffusion at a penetration 
corresponding to the dark line might be accounted for by the consumption 
of an enormous amount of energy required to transfer an atom through 
the distorted area from one orientation to another. 

Grube claims that the dark line of demarcation is produced by a 
difference in hardness of the core and the radial crystals at this point. 
He claims that it shows up on polishing and produces a low spot, which 
shows up as a shadow. 

Grube’s conception of the cause of the dark line does not agree with 
the author’s and does not account for the absence of the dark line on 
occasional single grains which extend from the mixed crystal area into 


3 Die Oberflichenveredlung von Metallen durch Diffusion. Zeitschr. fiir Metall- 
kunde (1927) 19, II, 438. 
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the core of iron. Fig. 14 of his article shows one such grain in the 
lower right side. 

He also showed-that by packing a rod of electrolytic iron in tungsten 
powder and firing for 48 hr. at 1330° C. he obtained, by analyses of the 
rod and the tungsten powder, 0.4064 g. of W from the iron and 0.1400 
g. of Fe from the tungsten powder, proving his point that diffusion takes 
place by exchange of atoms. 

The second point of his paper referred to above is an extremely hard 
thing to prove by microscopic examination or chemical analysis. Pieces 
of iron calorized at these low temperatures, 640° C., show a physical 
change brought out on heating at low temperatures. They certainly 
do not take up much aluminum, but resist oxidation to heat much better 
than a blank piece of iron fired at the same temperature. 

Grube’s paper is a start in the right direction and he is to be encour- 
aged to do more work along the same line. The orientation of the grains 
on either side of the dark line might be determined by X-ray analysis of 
a thin section. This would give some real information of value and help 
to explain just what occurs at the boundary between the columnar grain 
and grain of the iron core. 

There are many other things which are out of the ordinary in this 
field of investigation which may be the subject of a future paper. The 
object of this paper has been to create an interest that will lead to such 
further investigation by others. 
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DISCUSSION 


T. S. FuniEr, Schenectady, N. Y. (written discussion).—Mr. Kelley’s observa- 
tions on the change in size and shape of the peripheral grains of iron produced by 
diffusion are in accord with those of other experimenters. 

Stead, in 1898, remarked that the decarburization of steel by heating in lime 
at 700° to 800° C. for several hours had a marked effect on the size and shape of the 
ferrite grains. Under this treatment they exhibited a columnar formation. 

Austin,® in 1922, observed a columnarisation of ferrite grains accompanying 
decarburization in hydrogen. He said “The hypereutectoid steel showed the phe- 
nomenon at all temperatures, though it is true that at 1000° GC. the columnarization 
is only slight and confined to the edge of the bar; but at 850° C. it is clearly indicated, 
while at 680° C. the continued decarburization for three or four days resulted in the 


4 J. KE. Stead: The Crystalline Structure of Iron and Steel. Iron and Steel Inst. 
(1898) 58, 145. 


5 C. R. Austin: Op. cit., 93. 
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formation being very pronounced.” Austin further investigated the effect of hydro- 
gen molecule on hypoeutectoid and hypereutectoid steels, and remarked, “Both 
were conducted under practically identical conditions at 680° C., and gave similar 
practical results, with the exception of the difference in the form of the crystal growth 
taking place in the decarburized areas; the high-carbon sample presented a columnar 
structure, the low-carbon a perfectly equiaxed one.”’ 

Again, in an effort to determine whether hydrogen molecules alone were capable 
of producing columnarisation, Austin heated “small cylinders of Armco iron contain- 
ing about 0.02 per cent. carbon in a moist atmosphere of hydrogen at 680° GC. for 
12, 24, and 48 hr. respectively. On comparing the*microstructure of these with 
that of a portion of the untreated iron, the only difference to be observed was perhaps 
a slight coarsening of the grains which maintained their equiaxed polygonal form 


Fie. 10.— xX 100. 


throughout. It would therefore seem that the production of elongated grains is at 
least not directly due merely to the disturbing influence of the molecules of hydrogen 
gas when diffusing into, or effusing from, the heated metal.” 

The photomicrograph (Fig. 10), taken in the writer’s laboratory, shows ne ete 
of heating drill rod in an atmosphere of hydrogen, at a temperature of 1000° C. for 
8 hr. A columnar structure of the peripheral grains not unlike that produced in 
Mr. Kelley’s samples by chromium, silicon, tin, ete., is evidenced. Such columnar- 
isation, it seems reasonable to suppose, has been produced in the drill rod by the 
migration of carbon atoms toward the periphery. 


J. ALEXANDER, New York, N. Y.—I am very much pleased to see metallurgists 
awakening to the fact that the principles of physical chemistry are of vital importance 
in what occurs in the heat treatment of metals. , 

One of the first references to diffusion in metals that I recall is the experiment 
of Roberts-Austen, who laid a block of lead on top of a block of gold and after five 
years found, by analyzing the lower layer of the lead and the upper layer of the 
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gold, that the lead had diffused into the gold and the gold had diffused into the lead. 
These slow motions of metals happen at room temperature in many other cases. Tin 
and lead will anneal at room temperature. 

One point I would like to ask about is the influence of the amount of intererystal- 
line material, and whether a large part of the diffusion might not occur in the inter- 
crystalline material instead of directly through what seems to be a homogeneous 
crystal. The reason I ask the question is this: If you cast a solution of gelatin into 
two cups, and cool one quickly and the other slowly, the rate of diffusion in the 
respective jellies of ordinary crystalloids will be quite different; but on standing, 
since gelatin also anneals at room temperature, the quickly cooled one later on comes 
up to the same crystalloid diffusion speed as the slowly cooled one. So that the 
internal structure, apart from the chemical composition, seems to be an important 
factor in diffusion. 

Another process, which apparently goes on when you heat-treat a metal, is what 
is commonly called the Ostwald ripening, the general tendency being for small particles 
to be absorbed by large ones; that is, larger particles tend to grow at the expense of 
small ones, and I wonder to what extent that phenomenon is evident. 

This diffusion ring might conceivably be an instance of the rhythmic diffusion 
rings known under the name of Liesegang’s rings. It is possible that this might be 
a factor to be considered and I wonder to what extent the phenomena which are 
known in physical chemistry under the name of rhythmic diffusion occur in metals. 
Not having experimented with the metals directly, I cannot say, and I simply put 
that as a question. 


L. W. McKeenan, New Haven, Conn.—This paper is probably worth considering 
in connection with the other methods of developing crystals which are well known 
and all of which involve some gradient—a gradient in temperature, a gradient in 
strain, or something of that kind. Here I think a gradient in composition, in con- 
centration of the diffusing element, makes the stability of the crystal structure at 
a given point diminish until it becomes impossible to maintain the old arrangement 
and a new arrangement is forced upon it. The arrangement which has been supplied 
by the diffusion up to that point is simply continued and added to, and the growing 
crystal continues into the material, just as the growing crystals in anelectrolytic 
deposit continue as we add atoms from the electrolyte to the arrangement of ‘the 
crystals already formed. 


S. L. Hoyt, Schenectady, N. Y.—I believe that the field covered by Mr. Kelley’s 
paper is really quite broad in metallurgy. For example, in 1922 I observed that a 
bronze alloy containing about 5 per cent. tin, whether chill cast or slowly cooled in 
the furnace, would decrease considerably in grain size on being annealed at around 
850° C. That was Just before I became aware of the work which Mr. Kelley had 
already done in the field and it seemed to be logical at that time to conclude that 
this change in grain size must have been due to, and certainly was accompanied 
by, the diffusion of the tin and the copper, and that we were dealing with a phenom- 
enon which had received almost no attention in the literature. If it is true—and I 
certainly think Mr. Kelley demonstrates that it is true—that recrystallization is 
produced when metals diffuse into each other, we may expect that to be active in 
various other branches of metallurgy. For instance, the granulation which occurs in 
steel seems to me to be more readily accounted for on this basis than on any other 
with which Iam familiar. We know that the dendrites in steel are not homogeneous 
and that at the temperature over which granulation is said to occur, diffusion of the 
phosphorus, oxygen, carbon, and so forth, can take place readily, and therefore 
it would seem logical to associate granulation with the diffusion which takes place 
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at that point, and by the same token we probably would associate ghost-lines and 
things of that character with diffusion which takes place. Possibly the grain refine- 
ment produced in steel simply by annealing has a direct relation to the diffusion 
which takes place. 

It would seem to me to be very well for metallurgists to keep this work in mind—it 
certainly is of fundamental importance—and see if we do not have in this work, which 
is described for the first time by Mr. Kelley, an explanation of many of the phenomena 
which at present interest us, in passing, but which we set aside for some future day 
for satisfactory explanation. 


¥ 
Z. Jerrries, Cleveland, Ohio.—I might call attention to a few things in connection 


with this paper for suggestive purposes. The first is that most of the samples were 
steel or iron samples treated above the critical temperature, and a good many of the 
diffusing elements are elements which destroy the gamma phase. In a sample like 
that shown in Fig. 3, it might be assumed that the case produced at a temperature of 
1100° C. contained enough silicon to destroy the gamma space lattice of the iron 
completely in the outer regions. Then on cooling to room temperature, the outer 
case would not undergo an allotropic transformation but the inner portion would. 
That may have some bearing on the line between the case and what might be called 
the core. 

It is not out of the question, however, that there is in some cases what might be 
called a shrinking membrane which moves with the main body of the material which 
is being treated, or the solyent material. Those moving membranes are common in 
chemistry in the field of osmosis, where the containing membrane may either gain or 
lose total number of atoms, and if the containing membrane gains atoms it swells and 
if it loses atoms it shrinks in proportion. It seems not out of the question that there 
may be some sort of a membrane, composed possibly of some non-metallic material in 
part, through which the atoms of iron on the one hand can diffuse toward the case and 
through which the atoms in the case may diffuse to get into the iron or other solvent 
material. 

Finally I should like to second Mr. McKeehan’s remarks about the concentration 
gradients which are known to be very important in directing and controlling 
grain growth. 

There is one further factor which might be considered and that is obstruction 
gradients, a type of grain-growth control which has been referred to before in the 
literature on grain growth and which would obtain in the case of Fig. 9, the drill rod. 


P. A. E. Anmsrronc, New York, N. Y.—Mr. Kelley’s paper is almost entirely 
directed to grain-growth phenomena in metals caused by diffusion of one metallic 
element in another, and my remarks only deal in part with the subject matter of 
his paper. 

To me the columnar structure portrayed in the various photomicrographs is 
clearly alpha iron, or what the later day metallurgists describe as “delta iron.” 
I think confusion is avoided by sticking to the term “alpha iron.” The diffusing 
element has passed into solid solution in the iron and the chemical analysis of the 
erystal is such that the alpha-iron solid-solution crystal is easily affected by tempera- 
ture and the grain will grow abnormally. Many high-chromium irons, particularly 
where the ehromium content is above 15 per cent, when subjected to high tem- 
peratures, will grow very large grains or crystals merely by the absorption of the 
boundary and adjacent crystals taking on like orientation. That is what has 
happened here; the crystal growing towards the center more readily than laterally, 
perhaps because the crystal is being fed along its cleavage planes which run sub- 
stantially at 90° to the surface receiving the diffusing element. As long as the high 


400 GRAIN GROWTH IN METALS CAUSED BY DIFFUSION 


temperatures now used in the process of diffusion are maintained, and the hours 
necessary to produce such diffusion, there will probably always be this undesirable 
grain growth accompanied by great brittleness. This undesirable feature accom- 
panying diffusion can be modified of course, by mechanical work. Therefore it 
appears that diffusion coatings will find their principal application for those purposes 
where strength in the case is unimportant or where the part can be mechanically 
worked at high temperatures to break up this large structure. Subsequent heat 
treatment without mechanical work will not do it. 

The high temperatures necessary to bring about diffusion, say for chromium, which 
is about 2300° F., can be lowered to probably in the neighborhood of 2000° F. by com- 
bining chromium with another element such as silicon. This brings me to aspeculative 
question. It is true that silicon will diffuse in iron at about 2000° F., but chro- 
mium does not, or only very slightly. Now if chromium and silicon are used together, 
just why can a fair depth of case be produced at a temperature that is suitable for 
silicon and not chromium? I am of the opinion that the silicon and chromium com- 
bine, forming a chemical compound, which is diffused into the surface of the iron. 
Perhaps where chromium alone is employed there is a compound formed which is 
dissolved by the alpha iron. I am wondering whether the author has made any 
determinations along this line. I realize that it is not perhaps of great practical 
importance to determine whether diffusion takes place by the formation of a chemical 
compound prior to its being absorbed by the surface layer of the iron. As the theory 
of diffusion appears to embrace the exchange of atoms, chemical compounds are most 
likely readily formed, if this atomic exchange is the correct theory of the system 
of diffusion. 

The core, perhaps, could be made up of an alloy iron whose transformation point 
is so high that even at the high temperatures now employed for diffusion, the core 
will exist as alpha or delta iron. I should expect diffusion to take place more rapidly 
with such a core material than with ordinary low-carbon steel wherein the carbon isin 
solution in the crystal at these temperatures. 


R. Ricxrrr, Bloomfield, N. J. (written discussion).—Mr. Kelley is to be com- 
mended for his contribution to the important subject of diffusion in metals. The type 
of grain structure that he describes has been observed in connection with several 
processes involving diffusion and is fairly well known but apparently no one has 
previously offered an explanation of how these columnar grains are formed. 

Mr, Kelley says that rapid grain growth accompanies the diffusion of one metal 
into another. The writer is of the opinion that the large grain size of the diffusion 
areas shown in Mr. Kelley’s photomicrographs can be accounted for, in a large 
measure at least, by the surface decarburization of the samples and the subsequent 
rapid growth of the ferrite grains in the pearlite-free area, which would be expected 
at the high temperatures used. Results on Armco iron heated in chromium support 
this contention. Figs. 11 and 12 show representative sections of structures obtained, 
the average grain size in the interior or “core” being as large or larger than that in the 
area of diffusion or the “case.” Fig. 5 (Mr. Kelley’s) also supports this view, the 
grains in the deearburized area increasing in size as the edge of the specimen is 
approached, presumably because the areas nearest the edge have been free from 
pearlite for a longer time and thus have had more opportunity to grow large grains. 

Another feature brought out by a comparison of Figs. 11 and 12 (making allowance 
for the difference in magnification) is that on longer heating the columnar grains may 
grow in width as well as in depth. Some of the case grains in the sample shown in 
Fig. 12 were much wider than any appearing in the photomicrograph. 

The sharp line usually found between the columnar-grained zone and the core is 
of considerable interest. As mentioned by Mr. Kelley, this line is associated with 
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Fic. 11.—ARMCO IRON HEATED IN CHROMIUM. X 200. 
Fiq. 12.—ARMCO IRON HEATED IN CHROMIUM TWICE AS LONG AS SAMPLE IN Hines 


ili, 3X 1: 
Fie. 13.—Same as Fic. 12. Ercurep with 5 PER CENT. HNO; IN ALCOHOL. 
S< CO. 


Fic. 14.— SAME SPECIMEN AS IN Fic. 12. BouNDARY BETWEEN ZONE OF COLUMNAR 


GRAINS AND INTERIOR. X 1500. 
Fiq. 15.—SAME SPECIMEN AS IN Fia. 11. BouNDARY BETWEEN CASE AND CORE. 


Saou: 
Fig. 16.—SAM® SPECIMEN AS IN Fig. 12, DARK LINE ACROSS COLUMNAR GRAINS. 


x 400. 
(Reduced to 65 per cent. original scale; original magnifications given. ) 
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a sharp falling off in the rate of diffusion, a fact that is further demonstrated by 
suitable etching reagents. Fig. 13 shows the same specimen as Fig. 12 after etching 
with nitric acid in alcohol, which readily etches the core but does not attack the 
outside region. In Fig. 11, this line of demarcation appears light in the photograph 
but in this specimen also it marked the outside limit of the area that could be etched 
with nitric acid. It should also be noted that the grains outside this line in Fig. 11 
are not all columnar. In order to get more information on the nature of this boundary 
line, it was studied at higher magnification. Fig. 14 shows a boundary between the 
case and the core of the specimen shown in Fig. 12, the magnification being 1500 dia. 
It is seen to consist of at least two distinct zones differing in orientation from each 
other and from the adjacent grains of the case and core. Few distinct grain boun- 
daries could be distinguished in these narrow layers, these few being continuations of 
the boundaries between larger adjacent grains and never extending through more than 
one of the narrow zones. Fig. 15 shows the light boundary shown in Fig. 11, at a 
section where it crosses what might be thought a single grain from its outline, but 
which can be seen to have different orientations on the two sides of the boundary. It 
may well be, therefore, that this boundary between case and core represents a region 
of changing orientations of the grains as suggested by Mr. Kelley. 

Fig. 12 also shows a dark band across the surface of the columnar grains. Fig. 16 
shows that this band does not represent a change in orientation, although it does 
apparently represent a fairly sharp change in composition since the structure on 
either side could be developed alone by suitable etching reagents. 


C. Brnepicks, Stockholm, Sweden (written discussion).—The observations of this 
paper are very interesting, but the assumption of a special “force of diffusion” needs 
some further analysis. 

The most fundamental way of growing large crystals is of course the following: 
If the substance occurs as a definite, say liquid, phase and a new (solid) phase is 
formed slowly from one direction, this forms large crystals (presenting a main growth 
direction determined by the temperature gradient). Things are quite similar 
in the case of the primary phase being likewise solid, the substance therefore 
possessing allotropy. 

Now, iron possesses an allotropic (a — y) point, As, at about 900°, which is acted 
upon in two different ways by added substances:* (1) Those having an atomie lattice 
similar to that of a Fe are known to raise As—even so much as to coincide with A y— 
at 1400°. To this group belong Cr, Mo, W; Si and Sn act in the same way, being 
more soluble in @ than in y Fe. (2) Those which are more soluble in Fe than in 
a Fe and therefore lower A;. To this group belong C, Mn, Ni. 

Suppose, then, that a specimen of iron is embedded in a powdered substance 
belonging to one of these groups, and heated to a high temperature beyond A;. Let 
us first admit that the substance belongs to the first group; e. g., Cr. Then the fol- 
lowing will happen. The iron specimen being in its y state, though ata slow rate 
will dissolve an increasing amount of Cr. When the y surface layer has thus beet 
saturated with Cr, a new phase will appear, viz. « Fe, containing dissolved a somewhat 
higher (minimum) chromium content; then the chromium concentration of the « 
phase will increase. 

Now, as easily understood from the fact referred to at the beginning, this a phase 
growing slowly from the surface of the specimen inwards, will give rise to large crystal 
grains, elongated in the direction of the growth of the a phase. This is precisely what 
has been so well borne out by Mr. Kelley, for Cr, Si, Sn and Mo. 

Let us then admit that the substance belongs to the second group; e. g., carbon 
The y iron, of course, will dissolve an increasing amount of carbon, but this will cause 


‘°C. Benedicks: Metallographic Researches, 70. New York, 1926. McGraw-Hill 
Book Co. 
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no @ phase to appear, the stability of y Fe only increasing by the carbon addition. 
Consequently, in this case, the diffusion of the carbon, taking place from the surface 
inwards, causes no new Fe phase to appear, and it will therefore leave the crystal 
grains essentially unchanged. This fact is evidenced by the very old case-cementing 
experience, where no columnar crystals are observed. It is further well borne out by 
Mr. Kelley’s statement that the iron at 1350° “does not take up the nickel,” which 
evidently must be interpreted as stating that iron does not take up nickel so as to 
form a distinctly visible layer. As a matter of fact, the dissolution of nickel in iron is 
theoretically quite as necessary as the dissolution of iron in nickel—a fact clearly 
expressed by point 5, quoted from Grube. The only thing is that no essential change 
of the erystal grains will be brought about by the nickel—like carbon—diffusing 
through the y iron. ; 

Against this theory, however, could be objected that Fig. 7 gives evidence of the 
formation of a very distinct surface layer when using Mn—a substance belonging to 
the second group, which should consequently cause no phase to appear. The fact is, 
however, that this case is very easily explained. As a matter of fact, the firing in 
this case was made at 1250° C., which is above the melting point of Mn (say 1225°). 
Hence Mn—owing to its rather high volatility—will easily form a comparatively 
thick fluid layer on the surface of the Fe specimen. The large holes occurring in the 
surface layer (Fig. 7) support the view that this layer has been ina fluid state. Inside 
the Fe specimen the Mn has occasioned very little change, as must be expected. 
If on the other hand, the firing is effected at a temperature below A;, the following 
items may be mentioned: 

Heating Fe in a substance of the second group—e. g., carbon—will then cause the 
a iron to be transformed on the surface into a y layer, growing slowly inwards. This 
cementation at too low a temperature probably will cause a layer of columnar crystals 
to appear. The writer does not know whether some observations are at hand in 
this direction. 

Suppose, instead, the specimen to possess a considerable carbon content—say 0.9 
per cent—and to be exposed, below As, say at 850°, to a decarburizing agent. In this 
ease the bulk of the specimen is in the y state but the decarburization will cause the 
surface layer to be transformed into an @ phase, slowly growing inwards. Conse- 
quently, conditions will be favorable for a considerable grain growth in the surface. 
This apparently is explanation of the structure seen 70D ch a a ars 

An interesting item is the question whether the speed of diffusion in a given grain 
may be said to be a vectorial quality of the grain. An apparent support of this 
supposition might be afforded by the fact that several grains of the surface layer pro- 
ject much farther inwards than most of the others (Figs. 3 and 4). Tt must be keptin 
mind, however, that this item may be due simply to the fact of a given y grain below 
the a layer having such a position as to change easily into the @ lattice of an approach- 
ing columnar grain: it will be absorbed by this earlier than would be the case otherwise 
and will start by having a lower content of the diffusing substance than otherwise. 

It will be seen from this analysis of the observations given in the paper that the 
“force of diffusion ’’introduced by the author may be said to have the following signifi- 
cance: Diffusion taking place in a specimen will alter its concentration. This may 
cause a new phase to appear at the surface. When this new phase increases slowly in 
the inward direction, it will give rise to comparatively large columnar grains. On the 


7 In this case the grain growth tendency due to decarburization would vanish ata 
temperature below As as then no new phase may be formed. Even in this case, 
however, a certain though much weaker growth tendency might occur, due to the 
fact that a purer metal generally has a slightly higher crystallization tendency than an 
impure metal—an item which was not necessary to consider previously. 
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contrary, if no new phase is formed, diffusion has not been found to exert any induce- 
ment towards a rapid grain growth. 

It would be interesting also to discuss the dark boundary line appearing on the 
photos; this, however, can scarcely be done with any advantage without examining 
the specimens themselves or having photos focused differently. A tendency to form a 
double line might possibly be referred to a slight growth, occurring during the 
cooling down. 


Interatomic Forces in Metals and Alloys 


By Rosert F. Meut,* Px. D., Anacostia, D. C. 


(New York Meeting, February, 1928) 
* 


Tue mechanical behavior of metals and alloys is presumably condi- 
tioned by two factors; namely, the crystalline symmetry and the inter- 
atomic forces. Considerable attention has been given to the first of these 
factors through the recent advances in X-ray technique. It is the pur- 
pose of the present paper to call attention to the importance of the second 
of these factors, to point out promising methods of investigation, and to 
present some pertinent data. 

Plastic deformation takes place by slip along atomic planes.! This 
Slip may be inhibited in a number of ways: by the interatomic forces of 
cohesion which bind the atoms rigidly in a lattice structure, which in pure 
metals is usually of high symmetry; by lattice distortion caused by solid 
solution formation or by mechanical strain; by the intercrystalline bound- 
aries where slip is restrained, probably by the non-registration of the atom 
planes in adjacent crystallites;? and by the presence of small hard parti- 
cles which serve to “‘key”’ the slip along the atom planes.’ 

In pure metals, and perhaps also in solid solutions, the atom planes of 
easiest slip are those exhibiting the greatest density of atomic population 
and the greatest interplanar distance‘ and apparently can now be pre- 
dicted from the analysis of the lattices. Concerning the interatomic 
forces, which resist this slip by holding the atoms firmly together, little is 
known. 

Most textbooks on physical metallurgy, following the work of Bot- 
tone,® correlate the hardness of the pure metals with the atomic volume, 


* Superintendent of Division of Physical Metallurgy, Naval Research Laboratory. 

1 A number of generalizations of this sort appear in the present paper. They have 
been so completely absorbed by metallurgical literature that no specific reference to 
original papers need be given. In each case they are stated so axiomatically that no 
mistake can be made concerning their originality. 

2 Dean and Gregg have proposed that the greater rigidity at the grain boundary 
may be explained by an electron displacement somewhat similar to that occurring in 
chemical compounds. This conception is interesting in a number of ways in connec- 
tion with the discussion in the present paper. R. S. Dean and J. L. Gregg: Proc. 
Inst. Met. Div., A. I. M. E. (1927) 368. 

3 This is, of course, a brief statement of the slip-resistance theory of hardness, 
more completely given elsewhere by Zay Jeffries and R. 8. Archer (Chem. & Met. 
Eng. (1921) 24, 1057]. 

4°W. P. Davey: Trans. Am. Soe. Steel Treating (1924) 6, 375. 

5S. Bottone: Chem. News (1873) 27, 215. 
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with which it stands in inverse proportion. This parallelism is striking, 
but not especially illuminating. The atomic volume may be considered 
as the result of the intensity of the cohesive forces. Those elements like 
sodium, which have great atomic volumes may be inferred to have rela- 
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Fia. 1.—Prriopic PROPERTIES OF THE METALS. 


tively weak atomic fields of force, whereas elements like tungsten, which 
have small atomic volumes, presumably have relatively intense atomic 
fields of force. The atomic volume, therefore, is rather a result of the 
interatomic forces than a measure of it, though the distinction is not 
rigorous. However, there is a correlation more direct than that by means 
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of the atomic volume; namely, by means of compressibility and the 
concept of internal pressure. ® 

The hardness of the pure metals was investigated in 1900 by Rydberg,’ 
who measured the scratch hardness of 36 elements based on Moh’s scale. 
Plotted according to atomic numbers, these show a surprising periodicity 
closely paralleling the reciprocal atomic volume curve, and also the 
reciprocal compressibility curve, and the internal pressure curve (Fig. 1). 
A similar hardness curve was obtained much later by Edwards,’ who 
measured the Brinell hardness on materials of a purity probably superior 
to that of those used by Rydberg. 


IMPORTANCE OF COMPRESSIBILITY IN BEHAVIOR OF SOLIDS 


The importance of compressibility? in determining the existence and 
behavior of solids has been repeatedly emphasized by T. W. Richards, 
who has correlated the property with his equation of state for solids, which 
in abbreviated form" is 

pt+tm=17, +Po (1) 
where p is the external pressure, 79 the intrinsic cohesive force, 7, the 
intrinsic expansive force, and P, the thermal expansive force. The left- 
hand members of the equation are therefore cohesive pressures and the 
right-hand members expansive pressures which at equilibrium for any 
solid are balanced. 

The application of the concept of pressure to solids perhaps is scienti- 
fically somewhat questionable, since pressure ordinarily means the 
summation of the force effects of impinging moving atoms or molecules 
over a unit of surface, and there is no analogous behavior in solids. (It 


6 John Johnston [A Correlation of the Elastic Behavior of Metals with Certain 
of Their Physical Constants. Jnl. Am. Chem. Soc. (1912) 34, 788] developed a 
thermodynamic basis for the elastic behavior of the metals derived from a theory of 
partial melting during deformation, and showed certain periodic variations correlated 
with the periodic curve of the absolute melting points. 

7 J. R. Rydberg: Zeitschr. phys. Chem. (1900) 38, 353. 

8C. A. Edwards: Jnl. Inst. Metals (1918) 20, 86. Apparently Edwards was 
unaware of Rydberg’s work, for no reference is made to it in his paper. 

9 Defined as the fractional volume change brought about by an increase of one 
unit of hydrostatic pressure. Mathematically the compressibility coefficient is 


ne LV 
given by B = Ye i where Vo is the original volume and rr the change of volume 


with pressure. 

10 Proc. Am. Acad. Arts Sci. (1904) 39, 603; Jnl. Am. Chem. Soc. (1914) 36, 
2417; Jnl. Frank. Inst. (1924) 198, 25; Chem. Rev. (1925) 2, Ve - 

Bag ie Vo\m n : : 

11In extended form the equation is p + ni) = «(¥ + rs in which 
the bracketed quantities are introduced to take account of the variation of the intrinsic 
cohesive and expansive pressures with volume and in which the last member, where a 
is the coefficient of cubic expansion and 8 the compressibility, replaces Pg to which 


it is thermodynamically equivalent. 
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is, however, a well known fact that diffusion takes place in solids, even 
among atoms or molecules of the same kind—such as radioactive lead in 
non-radioactive lead.) 

Ideally, only forces should be treated, but despite the great amount of 
work recently done on lattice energetics (especially by Born and his 
collaborators), the subject is still largely obscure. If it is kept clearly in 
mind that the conception of pressures in solids is but a convenient mode 
of expressing interatomic forces, adopted because many illuminating 
facts may be discovered by its use, and that pressures represent an 
average of the interatomic forces divided by the area, no confusion need 
arise. 

Equation (1), then, is a convenient tool to be used in reasoning about 
the behavior of solids. If the lattice is a very rigid one, because of the 
intensity of the interatomic forces (or pressures), both 79 and x, will be 
great, and the atoms will be under a high state of compression. An 
increase in p, the external pressure, will, therefore, have only a small 
effect upon the volume; that is, the compressibility will be small, as with 
tungsten, which has a compressibility coefficient of 0.27 X 10-5. If the 
interatomic forces (or pressures) are small, 7» and 7, will be small and an 
increase in p will have a relatively great effect upon the volume; that is, 
the compressibility will be large, as with sodium, which has a compressi- 
bility coefficient of 15.6 X 10-*. Therefore compressibility should be 
related to the intensity of the interatomic pressures or forces. !2 

A direct calculation of xo, the internal cohesive pressure, will give 
a more direct analysis of the interatomic forces, in certain cases more 
valuable than the compressibility data, as will be shown later. 

It is interesting to compare the hardness numbers of the elements 
with their compressibilities. This has been done in Fig. 1, using 
Edward’s Brinell hardness numbers and the best values for the compress- 
ibilities of the elements taken from the work of Richards® and 
that of Bridgman.™ 

The pure metals are mostly intrinsically of high symmetry; only a 
few metals crystallize in lattices of low symmetry. In addition to the 
natural high symmetry of the metals, they are, when pure, inherently 
free from the type of lattice distortion which accompanies solid solution 
formation and that which is brought about by cold work. The resistance 
to slip should therefore be in the order of the interatomic forces, with 


“It should be noted that the compressibility coefficients can be calculated from 
the lattice energetics, as has been done by Born [Der Aufbau der Materie, Julius 
Springer, 1922] and by Thompson [Phil. Mag. (1922) 42, 721]. The values obtained 
agree fairly well with the observed values. However, in their application to com- 
pounds (and therefore to alloys) the results are less salutary [see T. W. Richards and 
KE. P. R. Saerens: Jnl. Am. Chem. Soc. (1924) 46, 946] 

13 Loc. cit. 

™ Proc. Am. Acad. Arts Sci. (1923) 58, 166. 
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variations only where elements of very high symmetry are adjacent to 
elements of somewhat lower symmetry. In place of the actual inter- 
atomic forces, we may take compressibility, where these effects are most 
obviously patent. 

The parallelism between the hardness curve and the reciprocal com- 
pressibility curve is striking (Fig. 1), and such deviations as occur 
are instructive. 

It is to be noted that the group of elements from gallium to rubidium, 
and that from indium to cesium, form a maximum on the hardness curve 
which is not so strongly indicated on any other curve except that of the 
absolute melting point.'® Sa ; 


Factors GOVERNING HARDNESS OF PURE METALS 


Keeping in mind that the hardness of the pure metals is presumably 
conditioned by two factors, the interatomic forces and the crystalline 
symmetry, this lack of parallelism becomes explicable. The elements 
forming these two anomalous maxima on the hardness curve are all of 
relatively low symmetry, and possess relatively few planes upon which, 
by reason of the atomic populations and the interplanar distances, slip 
can easily take place. In the first of these, germanium is diamond-cubic 
and somewhat lower in symmetry than its neighbor gallium, which 
appears to be face-centered tetragonal. Arsenic is rhombohedral, and 
the selenium lattice is built up of screw-axes perpendicular to a trigonal 
basal plane, both lattices of low symmetry. In the second of these 
groups the elements antimony and selenium possess lattices similar to 
those exhibited by the two elements in the first group, in the same order. 
Tinis tetragonal. A similar anomalous behaviorisshown by the elements 
lead and bismuth at the end of the curve, for though the compressibility of 
bismuth is greater than that of lead it is nevertheless harder. Bismuth is 
rhombohedral in structure, and therefore of an order of symmetry lower 
than lead, which is face-centered cubic. Magnesium falls higher on the 
hardness curve than would be expected from the compressibility or 
internal pressure. This can also be accounted for by a symmetry much 
lower than that of sodium and that of aluminum. Similarly, the great 
hardness of manganese may be attributed to its extraordinarily low 
symmetry. Bradley and Thewlis'® have shown that a manganese is 
cubic, a) = 8.894A., with 58 atoms in the unit cell. The structure is 
apparently that of a single body-centered cubic lattice, each lattice point 
replaced by a cluster of 29 atoms having tetrahedral symmetry. 


15 The closer parallelism between the hardness curve and the curve of the absolute 
melting points than between the hardness curve and that of the reciprocal atomic 
volumes was pointed out by Edwards (loc. cit.) but he attempted no explanation. 

16 A. J. Bradley and J. Thewlis: Proc. Roy. Soc. (London) (1927) A115, 456. 
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It appears, therefore, that the hardness of the elements can be 
described in terms of the interatomic forces, as measured by compressi- 
bility (or internal-pressure) and by the number of planes of easy slip, 
as determined by the crystal structure. But it must be clearly kept in 
mind that this conclusion has been drawn for the parallelism of the 
periodic curves and for this reason applies only to elements nearly alike 
in atomic number. If a strict proportionality between compressibility 
(or internal pressure) and hardness be assumed for elements crystalliz- 
ing in the same crystal system, several exceptions will appear. 


TasLE 1.—Values for Face-centered Cubic Metals 


| Reciprocal 
Element Atomic Number Brinell Hardness | Pa Si peiple aes aap iter < 
BX 108 
| 
Pb 82 6.95 | 72 0.422 
Ca 20 22.0 | 95 0.1756 
Al 13 | 24.7 | 191 0.75 
Ag 47 Ey, 208 1.00 
Au 79 | 33 243 1273. 
Cu | 29 | 86 376 1.39 
Pd 46 | 61 396 1.93 
Pt 78 | 44 | 465 2 78 
Ni | 28 144 | 508 1.89 
Co 27 86 | 510 1.85 
| | 
a a EE ee eee 


Table 1 represents the separate values for Brinell hardness, internal 
pressure and compressibility for the face-centered cubic metals. The 
lack of proportionality is clearly evident. The conclusion seems inescap- 
able that there is a factor operative in addition to the crystal symmetry 
(the type of lattice) and the interatomic forces. The nature of this 
factor is obscure, but it is very likely related to the distribution of forces 
around the atom periphery, and probably also to the position of the 
valence electrons with respect to the crystallographic axes. This would 
introduce a variety of slip resistance largely independent of the crystal- 
line symmetry. This factor does not appear to have been taken into 
account by previous writers. In elements near each other in atomic 
numbers the extranuclear electrons are nearly equal in number, and 
possible variations in the distribution of forces around the atom periphery 
are small, but not absent, as is indicated by the case of nickel and cobalt 
in Table 1. 

Since cubic compressibility is an average of the linear compressibilities 
along the various crystallographic axes, it is not to be expected that the 
crystal symmetry should have any effect upon the compressibility curve, 
and the same may be said of the atomic volume. The striking paral- 
lelism between the curve of the absolute melting points and the hardness 
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curve in the regions of the anomalous maxima suggests that the melting 
point is similarly affected by the crystalline symmetry. 


COMPRESSIBILITY AS MEASURE OF INTERATOMIC FORCE 


Since it is evident that a variation in the interatomic forces will 
produce an alteration in the compressibility, this property may be taken 
as a criterion for the changes in interatomic forces affecting hardness. 
The peculiar metallurgical virtue in compresgibility as a method of 
analysis of hardness lies in the fact that it is not appreciably affected by 
any mechanical deformation performed.upon the material examined, and 
is therefore independent of grain-size conditions. Thus Bridgman" 
found that severely cold-rolled copper and iron gave nearly the same 
values for compressibility as annealed copper and iron. This significant 
experiment demonstrates the essential identity of cold-worked and 
annealed metal, and is difficult to reconcile with the presence of amor- 
phous metal in any considerable quantity, since an amorphous phase 
should have a considerably higher compressibility. * 

From the finite value of the compressibility coefficient it is obvious 
that the concept of atomic volume as a property characteristic of a metal 
atom attending the metal atom unchanged in its alloys cannot be main- 
tained. It must be clearly borne in mind that the radius of an atom is a 
function of the force field in which it occurs. This is obviously true” 
and is of importance in connection with the theories of the hardness of 
solid solutions. 

Though the symmetry factor is subordinate in the hardness of the 
pure metals, it is of first importance in the hardness of solid solutions. 
It has frequently been pointed out ” that the hardness of solid solutions is 
caused, at least in part, by lattice distortion, which can be studied by 
X-ray diffraction. It has also been realized that the attraction between 
unlike atoms in a solution results in an increase in the cohesive forces, 
resulting in a greater hardness,”! but no attempt has been made to evalu- 
ate the relative magnitudes of these two factors. 

In a solid solution of two metals normally crystallizing in the same 
space lattice in which equivalent atomic substitution obtains, the decrease 


17 Proc. Am. Acad. Arts Sci. (1909) 44, 265; (1923) 58, 168. 

18 Perhaps it should be remarked that the hydrostatic pressure used in the deter- 
mining of compressibility has no effect upon the microstructure of the metal measured 
[Zay Jeffries: Jnl. Inst. Metals (1917) 18, 243]. 

19 An analytical proof of this has been given by Bridgman: Proc. Am. Acad. Arts 
Sci. (1923) 58, 227. 

2 See especially, W. Rosenhain: Chem. & Met. Eng. (1921) 25, 243 and Zay 
Jeffries and R. S. Archer: Chem. & Met. Eng. (1921) 24, 1057; (1928) 29, 923, 966. 

21 Zay Jeffries and R. S. Archer: Science of Metals, 282, 243, 260, 270, 396, 412. 
McGraw Hill, New York, 1924. 

C. H. Desch: Trans. Far. Soc. (1914) 10, 251. 
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in compressibility from the rule of mixtures value may be taken as a 
measure of the chemical attraction of the unlike atoms, and of course 
also as a measure of the increase in the lattice rigidity. In solid solutions 
where one atom of the solute replaces more than one atom of the solvent 
(as with Cu-Sn) and in solid solutions of metals normally crystallizing 
in different space lattices it is not possible to make a strict comparison 
between the observed compressibility and the rule of mixtures value, 
since the state of condensation of the solute atom in the alloy differs 
from that in the element. In such cases the change in compressibility 
perhaps cannot strictly be taken as a quantitative measure of the increased 
cohesive forces, though the data on compressibility must nevertheless 
be of fundamental importance. 


COMPRESSIBILITY OF ALLOYS 


An investigation of the compressibility of alloys has recently been 
carried out by the author.?? In order to make a preliminary survey of 
the field, a number of typical alloys were chosen.“ The results of the 
investigation are given in Table 2. The calculated compressibility is 
obtained from the compressibilities of the component metals on the basis 
of the volume percentage composition. 

Alloy No. 1 may be taken as an example of a solid solution in which 
simple substitution obtains and in which there is little chemical difference 
between the component metals (nickel and copper) and also in which 
the lattice constants are nearly equal (ao for Cu = 3.597, for Ni = 3.499). 
The compressibility coefficient found, therefore, is nearly equal to that 
calculated, the difference being but 3 per cent. The density is still 
less affected. 

Alloy 2 is “Invar.” Its compressibility coefficient is much higher 
than that calculated from nickel and a iron, and seems to indicate that 
the y iron present possesses a much higher compressibility™ than a iron. 

Alloy 3 is an aluminum bronze in the a@ field near the limit of solid 
solubility. The 12 per cent. decrease in compressibility coefficient is 
paralleled by a 2.8 per cent. increase in density. Alloy 4 is a B solid 
solution, and shows a 19 per cent. decrease in compressibility, paralleled 
by a 5.4 per cent. increase in density. The 8 solid solutions in general 
are harder than the a; in the case of the 8 solid solution in the Cu-Al 


*? With collaboration in the experimental part by B. J. Mair. See Jnl. Am. 
Chem. Soc. (1928) 50, 55. 

*4 These alloys were very kindly prepared and treated by a number of industrial 
metallurgists. Acknowledgment for this valuable assistance has been made in the 
paper in the Journal of American Chemical Society referred to above. 

24 The compressibility of y iron at room temperature could be roughly estimated by 
measuring the compressibility of a series of alloys with increasing percentage of iron 
and extrapolating over the a field to pure y iron. 
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system superior cohesive forces apparently favor an increased hardness, 
though doubtless a lower symmetry contributes largely. 

Alloy 5 is an a-brass half saturated. The decrease in compressibility 
is 20 per cent., which is paralleled by a density increase of 1.5 per cent. 
Alloy 6 is an a@ brass, nearly saturated. This composition shows a 
decrease in compressibility of 29 per cent. paralleled by a density increase 
of 2.8 per cent. It is evident from these figures that the copper and zinc 
atoms in the a brasses are much more tightly packed than in the pure 
metals, and the cohesive forces are accordingly greater. These brasses 
will be again considered in connection with internal pressures. 

Alloy 7isa# brass. The decrease in the compressibility, 26 per cent., 
appears less than that in the case of thea brasses. The superior hardness 
is therefore to be accounted for by the lower symmetry.”° 

Alloy 8 is an a solid solution, nearly saturated, in the copper-tin 
system. Despite an apparent decrease in density, and the fact that 
Weiss”* found that one atom of tin replaces several atoms of copper, the 
compressibility decreases 6 per cent. Alloy 9 is the compound Cu;Sn 
and shows a decrease in compressibility of 20 per cent. and a density 
increase of 9.9 per cent. Alloy 10 is the 6 solid solution and shows a 
decrease in compressibility of 24 per cent. and a density increase of 7.0. 
The occasional lack of parallelism between density and compressibility 
in alloys is very evident in this system. 

The cohesive forces in the 6 solid solution are presumably greater than 
in the compound Cu;Sn. The Brinell numbers of the two alloys are in 
the same order,?’ but it is claimed that the compound Cu;Sn shows the 
greater scratch hardness.*§ 

Alloy 11 is in the a + @ field in the aluminum-magnesium system. 
It shows a decrease of 8 per cent. in compressibility as compared to a 
density increase of 3.2 per cent. 

In general it may therefore be said that the compressibility of an 
alloy may be taken as an approximate measure of the superior cohesive 
forces in alloys. With solid solutions of like metals these cohesive forces 
are only slightly greater (as with copper and nickel) but with solid solu- 
tions of metals differing widely in chemical and crystallographic type the 
difference may be considerable. No case has been found in which there 
is an increase in compressibility. 


Compressibility of Steels 
The results of the measurements on the steels are of especial interest. 
If we assume that the superior hardness of alloys is caused by (1) increased 
5 Owen and Preston [Proc. Phys. Soc. (London) (1923-24) 36, 49], among others, 
showed that 6 brass is body-centered cubic. 
*6 Weiss: Proc. Roy Soc. Lond. (1925) 108, 643. 


* Bauer and Vollenbruck: Zeitschr. fiir Metallk. (1924) 16, 426. 
*8 International Critical Tables, 2, 561. 
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cohesive forces, and (2) by slip-resistance factors of a purely crystallo- 
graphic nature (the first factor may be conveniently named ‘chemical 
hardness” and the second “physical hardness’’), the hardness of the 
steels may be analyzed in an interesting way. It is tacitly assumed by 
most writers on the subject that martensitic hardness is caused by the 
second of the two factors—namely, purely crystallographic slip-resist- 
ance—and controversy has largely concerned itself with the particular 
nature of this factor. The present investigation throws no direct light 
on this question, but indirectly may be of value in furnishing a definite 
statement regarding factor (1). ‘ 

Alloy 12 is a pure iron-carbon alloy, with 0.89 per cent. carbon and an 
Armco iron base. Its compressibility after quenching from 900° C. in 
cold water was 0.61 X 10-*. After a thorough annealing treatment, 
which rendered the alloy pearlitic, the compressibility was again 0.61 X 
10~°, although the Brinell hardness had fallen from 641 to 241. Alloy 14 
is a hypereutectoid alloy in the same system, with 1.36 per cent. carbon 
and an Armco iron base. Its compressibility after quenching was 0.83 
x 10~*, and after thorough annealing 0.85 X 10-°, within the possible 
error identical with the first. 

It appears therefore that despite the great increase in hardness 
brought about by quenching, no appreciable increase in the cohesive 
forces is obtained. It is very surprising that a glass-hard steel should be 
as compressible as an annealed pearlitic steel, yet regarded from the 
viewpoint of the slip-resistance theory of hardness as applied to the steels, 9 
the result is not strange. The results on the compressibility of the carbon 
steels are in complete accord with this theory, for the theory assumes that 
the superior hardness of the quenched steels is caused by a particular 
mechanical arrangement of the structural units present also in annealed 
steels; namely, ferrite and cementite. It is highly probable, from the 
apparent identity of the compressibility values for the steels in the 
quenched and annealed conditions, that the structural wnits in quenched 
steel are not greatly different from those in annealed steel, and this seems 
to indicate that the martensite is largely ferrite and finely divided cemen- 
tite, differing from pearlite only in the size and arrangement of the ferrite 
and the cementite grains. 

Variations in grain size and in the state of mechanical strain appear to 
make little difference in compressibility, judging from the experiment by 
Bridgman*® discussed earlier in this paper, so that an increase in hardness 
caused by either of these two effects would have little effect upon com- 
pressibility. On the other hand, lattice distortion, which has been postu- 


29 Modern opinion on this point has recently been summarized by A. Sauveur: 


Trans. (1926) 73, 859. ; 
8 Bridgman: Proc. Am. Acad. Arts Sci. (1909) 44, 265; (1923) 58, 168. 
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lated as a cause of hardness in martensite, could be produced only by an 
alteration in the interatomic forces, and this should result in an appreci- 
able compressibility difference. In this connection the results here pre- 
sented throw some light on the Hanemann-Schrader theory.*! 

In this it is assumed that there is an epsilon and an eta phase in equilib- 
rium with austenite, and that the eta phase produces the martensitic 
hardness by virtue of its content of an iron carbide, FeaC. It is assumed 
that the ‘‘hardness of martensite”’ is “‘caused by a definite arrangement of 
the iron and carbon atoms in an iron-carbon compound” (FegsC), and 
that this compound is hard because of the lack of symmetry of its space 
lattice and the lattice forces which inhere in it. 

The results of the compressibility measurements limit the possible 
interpretations of this theory. The inherent superior hardness of the 
hypothetical compound Fe2,C must be explained by either (1) an extra- 
ordinarily low symmetry or (2) interatomic forces between the iron and 
carbon atoms very much greater than those in austenite or pearlite, or by 
both (1) and (2). X-ray investigation of the steels seems to show that 
there is no great quantity of a constituent of low symmetry, since only 
face-centered cubes characteristic of y iron and body-centered cubes 
characteristic of a iron (and perhaps a certain amount of a tetragonal 
lattice), both lattices of high symmetry, have been found. The alter- 
native (2) seems definitely denied by the compressibility measurements, 
which show no appreciable increase in the cohesive forces. It is not 
impossible, of course, that there should be small quantities of a carbide 
such as FeesC in quenched steel, but the only large contribution it could 
make to the superior hardness of martensite would be by virtue of a very 
fine state of subdivision. In such a form the Hanemann-Schrader theory 
is nearly indistinguishable from the more generally accepted slip-resist- 
ance theory, and in the assumption of the presence of an unknown com- 
pound of iron and carbon seems much less likely. 


CoNcEPT OF INTERNAL PRESSURES 


The interatomic forces in alloys can be studied in another way, as 
suggested at the beginning; namely, by the use of the concept of internal 
pressures.*” The internal pressure is 79 in Equation (1). Richards* 
has shown that it may be approximately evaluated by the expression 


el 
= Vacs (2) 


t Trans. Amer. Soc. Steel Treating (1926) 9, 229. 

* Internal pressures have been studied by a number of investigators, including I 
Traube, C. Benedick, G. Tammann, but especially T. W. Richards. 

33 Loc. cit. 
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where F is the gas constant, V4 the atomic volume, and a, the coefficient 
of cubic thermal expansion.*4 

Traube* has shown that internal pressures calculated in this way give 
values for the pure metals which closely parallel the scratch hardness 


_ values given by’ Rydberg. In general, therefore, internal pressures may 


be taken as a measure of the intensity of the attraction (and repulsion) 
between the atoms in solids, much as compressibility.*® 

This calculation can be applied to alloys jn order to evaluate the 
chemical attraction factor between the unlike atoms. It requires knowl- 
edge of the mean atomic volume and the coefficient of thermal expansion 
only. Until a short time ago there were almost ho trustworthy data on 
pure binary alloys with comparable data for the pure component metals. 
Recently, however, C. H. Johannson*’ measured a, for alloys of the sys- 
tems silver-gold, copper-nickel, silver-palladium, copper-palladium, 
copper-gold, and gold-palladium. From these the author has calculated 
the internal pressures and compared the calculated values with the rule 
of mixtures values.*® In each case an increase in the internal pressure is 
found, resulting from the attraction between the unlike atoms. For the 
system silver-gold the maximum increase is 2 per cent., for copper- 
nickel 4 per cent., for silver-palladium 16 per cent., for copper-palladium 
10 per cent., for copper-gold 6 per cent., and for gold-palladium 
12 per cent. 

These results are interesting in connection with the hardness of the 
solid solutions investigated by Johannson. High-grade data on hardness 
are available only for the systems copper-nickel, silver-gold, and gold- 
copper. These have been determined by N.S. Kurnakov and C. Czeme- 
zuzny, using the scratch method.” 

Fig. 2 represents the increase in hardness of the alloys over the rule of 
mixtures values plotted against composition, and also the increase in 
the internal pressures, for the system silver-gold. Since the internal 
pressures closely parallel the hardness numbers for the pure metals, it 
may be assumed that the relative positions of the two curves give a semi- 
quantitative analysis of the factors involved in the hardness of these solid 
solutions. For the system silver-gold the internal pressure shows an 


34. W. Richards recently [Jnl. Am. Chem. Soc. (1926) 48, 3063] proposed a 
modification of the above equation which he regards as more exact, namely 
_™ _ y _* in which n’ and m are the exponents of the volume quantities 
nn’ —™m Vacs’ 
in an abbreviated form of the equation given in Footnote 11. 

35T. Traube: Zeitschr. anorg. Chem. (1903) 34, 413. 

36 The mathematical relation between compressibility and internal pressure has 
been derived by T. W. Richards: Jnl. Am. Chem. Soe. (1926) 48, 3063. 

37 Ann. d. Physik. (1925) 76, 445. 

3 R. F. Mehl: Jnl. Am. Chem. Soc. (1928) 50, 73. 

39 Zeitschr. anorg. Chem. (1907) 54, 164; (1908) 60, 16. 
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increase of but 2 per cent. whereas the hardness increases 104 per cent. 
It appears therefore that only about one-fiftieth of the superior hardness 
of these solid solutions is contributed by the attraction between the 
unlike atoms. The remainder is probably contributed by lattice dis- 


tortion and electron displacement resulting in a field of force around the. 


metal atoms less symmetrical than those existing in the atoms of the 
pure component metals. 


HARDNESS 
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Fia. 2.—HARDNESS AND INTERNAL PRESSURE IN THE SYSTEM SILVER-GOLD. 


Similar calculation for the copper-nickel system gives an increase of 
4 per cent. in the internal pressure as compared to 63 per cent. in hardness, 
and for copper-gold system 6 per cent. as compared to 100 per cent. 

The data of P. Hidnert* on the coefficient of thermal expansion of 
the brasses afford a similar calculation for these alloys, such as given 
in Table 3. 

The increase in hardness in the a brasses is surprisingly small as com- 
pared with the increase in internal pressure and the decrease in com- 
pressibility, and it appears that some factors which induce hardness in 
pure component metals are no longer fully operative in the a brasses. 
It must be remembered in connection with this that the zine atoms in 
a brass do not crystallize on the normal triangular close-packed lattice. 
The observation of C. F. Elam‘! that a single crystal of @ brass will 


“ Bureau of Standards Sci. Paper 410 (1922), 
“t Proc. Roy. Soc. (London) (1927) 116A, 133. 
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TABLE 3.—Calculations on the Alpha Brasses* 


Weight é : Decrease. iy Com- . . 
Percentage | yetroeo i Srasife) Pprecgsily Sor | Znsrente ip Taternal| Tnoreses in Hand 
100.0 
90.0 1.05 13 4.2 10 
80.0 Pert 21 11.9 18 
70.0 2.49 26 16.5 22 
63.0 2.95 30 20.0 23 


* The specific volume has been calculated from the densities of the brasses; the 
compressibilities have been calculated from the data in Table 2; the hardness numbers 
have been calculated from the data of Harris: Jnl. Inst. Metals (1922) 28, 327. 


elongate 160 per cent. as compared to 60 per cent. for a single crystal 
of copper may in some way be related to the fact that the increase in 
hardness of the a brasses is about the same in magnitude as that of the 
decrease in compressibility and the increase in internal pressure, that is, 
the usual additional factor of slip resistance of a purely crystallographic 
nature seems here to be negligible. 

It is generally held that the hardening induced by a solute metal is 
in direct proportion to the accompanying distortion, and that the amount 
of distortion depends on the difference in the atomic volumes of the 
solute and solvent atoms.??. It is very unlikely, however, that the case 
can be so simple. The atomic volumes of silver and gold are nearly 
identical (10.28 and 10.22, respectively) but the hardness of the inter- 
mediate alloys reaches a value 100 per cent. greater than that of the 
average value of the two component metals. As stated in the foregoing, 
it is not permissible to assume the atomic volume of an atom as a charac- 
teristic property accompanying an atom unchanged in alloys. The 
atomic volumeisa partial function of the force field whichis imposed upon 
the atom. The internal pressure of gold is 238 kilomegabars while that of 
silver is 199 kilomegabars. The internal pressure of a 10 atomic per 
cent. silver alloy is 233 kilomegabars, which must mean that the silver 
atom in this solid solution is subjected to a pressure of 34 kilomegabars 
in excess of that obtaining in pure silver. This should result in a smaller 
atomic volume for the silver; and conversely a large atomic volume for 
the gold. “In alloys of gold and silver, therefore, the atomic volume of 
silver tends to become less than 10.28 and the atomic volume of gold 


42 F.C, Thompson [7rans. Far. Soc. (1917) 12, 23] designated the difference in the 
atomic volumes as the controlling factor in the hardness of solid solutions. A. L. 
Norbury [Trans. Far. Soc. (1924) 19, 586] showed that the hardening power of a 
member of metals in a solid solution with copper is proportional to the difference in 
size of the solvent and solute atoms, though silicon in copper was exceptional (and 


also sodium in lead). 


420 INTERATOMIC FORCES IN METALS AND ALLOYS 


tends to become greater than 10.22. It is evident, therefore, that the 
difference in the atomic volumes of the metals in the pure state must not 
be taken as sufficient to define the degree of roughening of the slip planes, 
but that the variations in the interatomic forces which control the atomic 
volume are also of basic importance. 

In fact, the value of the concept of atomic volume as applied to. 
alloys is seriously to be brought to question. It is well known that the 
radius of the outermost electron in atoms is much less than the radius of 
an atom as calculated from the interatomic distances, so that it is 
hardly correct to speak of the physical smoothness of an atom plane. 
Eventually the whole problem of slip along atomic planes must be put 
into terms of forces, and in this form the plane of easiest slip is that upon 
which the interatomic forces normal to the plane are smallest and upon 
which the distribution of these forces is most symmetrical. A complete 
theory of mechanical deformation in terms of interatomic forces, how- 
ever, must await a more complete elucidation of the solid state. 


SUMMARY 


The importance of the study of interatomic forces in metals and 
alloys is pointed out. It is shown that data on compressibility and 
internal pressure furnish a basis for the analysis of the hardness of the 
pure metals. It is suggested that the electron distribution around the 
atom periphery probably introduces a slip-resistance factor in addition 
to that of the crystalline symmetry and the interatomic forces. 

The chemical attraction between unlike atoms in certain solid solu- 
tions has been approximately evaluated by means of measurements on 
compressibility and calculations of internal pressure. An analysis of 
the factors inducing hardness in certain completely isomorphous solid 
solutions has shown that only a small fraction of the total hardness can 
be ascribed to the attraction between unlike atoms, but it is pointed 
out that this attraction is largely contributory in producing slip-resist- 
ances of a purely erystallographic nature. 

It is suggested that the concept of atomic volume as applied to alloys 
has certain serious limitations, and that a complete analysis of the factors 
inhibiting slip should be in terms of force fields. 


DISCUSSION 


H. W. Giuuerr, Washington, D. C. (written discussion).—It is comforting to note 
from such papers as this, that of Dean and Gregg last year, and many others by 
various authors in this and other countries, that metallurgists are thinking beyond 


43 Sherrer and Debye [Physik. Zeitschr. (1918) 19, 474] state that in the case of 
carbon the diameter of the outermost revolving electron is only 14 of the interatomic 
distance. Similar results have been obtained for other elements. 
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the mechanical analogs or pictures commonly used to describe metallurgical phenom- 
ena and are more and more harking back to the atomic forces involved. 

Useful as the mechanical key conception of slip-interference is, it lacks something 
of being a universal explanation for hardening, particularly in the case of solid solu- 
tions, and it is of interest to note that Merica, on whose basic interpretation of the 
phenomena of the hardening of duralumin the slip-interference theory has been 
built up, himself said‘! that the added resistance to slip produced by the presence 
of a key particle is not literally due to the necessity of shearing this particle, but 
that from the presence of the particle there result additional atomic forces, chemical 
in nature, acting between the particle and the surrounding layers of atoms. 

The force concept appeals to me* as more fundamental than any concept not 
taking account of forces. The difficulty is to get quantitative data on the forces, 
since mathematical calculations not based on sound experimental grounds are 
highly unsatisfying. 

Any effort to get quantitative data, such as this work of Dr. Mehl’s on compres- 
sibility, is praiseworthy and tends to clear up some of the broad outlines of the subject. 
In view of the difficulty of telling just what the data mean, because of other factors 
that may come in, it seems wise not to draw too sweeping conclusions from the 
data. For example, on page 415 it is indicated that the possible error is of the order 
of 3 per cent., which seems too low a precision to justify the use of the data as very 
definite proof against the presence of so-called “‘amorphous metal” in cold-worked 
metal. I do not believe in the existence of ‘amorphous metal” in any reasonable 
sense of the word “amorphous,’”’ any more than Dr. Mehl does, but the compressi- 
bility data are scarcely adequate to disprove its existence. Similarly in the bearing 
of the data on the martensite problem, one wonders whether the causes for similar 
compressibility of annealed and quenched steel varying vastly in hardness may not 
be somewhat analogous to those for a similar modulus of elasticity, which would 
hardly be taken as definite proof that the structural units were necessarily identical, 
since austenitic steels have practically the same modulus as pearlitic steels. 

But whether the particular data of this paper can or cannot be used as a basis 
for sweeping conclusions, honor is due Dr. Mehl for tackling the problem. Everybody 
is talking about atomic forces, some people are making mathematical computations 
on them, but very few are attempting to measure them. The more measurements 
we have, the sooner we will reach the end of the chain, philosophical surmises— 
mathematical physics—experimental physics—industrial progress based on reliable 
scientific facts. 


H. H. Lester, Watertown, Mass. (written discussion).—The paper by Dr. Mehl 
is timely and very pertinent. The progress of human civilization has been and is 
measured largely by the extension of its control over the inanimate forces of nature. 
This extension of control, slowly gathering momentum through the ages, has brought 
us today to epochal development in mechanisms. Mechanisms must depend for 
their success largely on structural materials which must keep pace in their evolutionary 
progress with the mechanisms themselves. Bronzes, brasses, steel itself and various 
types of alloy steels may be said to have been discovered rather than developed. The 
empirical methods that have characterized very much of past searches for new and 
better materials were certainly the most economical and possibly the only methods 
available. ‘The field was large for discovery. But we now approach a period where 


44P. D. Merica: Discussion on Slip Interference Theory of Hardening. Chem. 
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further progress must be guided by a more definite and more complete knowledge of 
the fundamental factors that give metals their physical properties. Dr. Mehl’s 
contribution is directed toward this end. 

No doubt the author regards this study as more or less preliminary to an extended 
search into the effects of atomic forces in their relation to physical properties. Pos- 
sibly present results will be modified in the light of fuller knowledge. There might 
be some question, for example, as to compressibility coefficients obtained from cast: 
' structures which usually contain microscopic voids due to solidification shrinkage. 
The hardness measurements are in terms of Brinell impressions which, while perfectly 
satisfactory for the purposes for which they were intended, involve complicated and 
not too well understood physical quantities. It would seem that some other method 
of determining hardness values might be found that would give results more compa- 
rable with compressibility ratios. A Brinell impression in apiece of rubber would 
give the same hardness as it would if made in a diamond (if a diamond could be 
Brinelled); that is, there would be no impression, neither substance being deformed 
beyond its yield point. In these cases hardness seems to be purely an elastic phenom- 
enon; the widely differing hardness being perhaps directly comparable to widely 
differing compressibilities and widely differing atomic forces. 

In metals, however, an impression is made which involves, in addition to elastic 
forces, certain viscosity or frictional resistance forces. While the two types of 
forces may be regarded as atomic, it seems hardly probable that they vary according 
to the same law. Brinell hardness measurements are difficult to define in funda- 
mental terms because of the complex nature of this physical property. The relation- 
ship between compressibility and metal hardness probably involves a relationship 
between slip resistance and atomic forces. It would be interesting to trace relation- 
ship between modulus values and compressibilities. Perhaps the author plans such 
comparison for a later communication. Elastic moduli depend directly upon inter- 
atomic force. They should be functionally related to compressibilities. It would 
be interesting to see whether the author’s conclusions with regard to the hardness 
of quenched and annealed steels would be modified by such a study. For instance, 
there appears to be a somewhat lowered density and slightly lowered modulus in 
quenched steels as compared with annealed steels. The same seems to be true for 
cold-worked steels as compared with the same steels before cold work. One would 
expect lowered modulus to mean increased atomic spacing, which would account 
also for lowered density. The fact that such changes are not found is significant 
and probably has some bearing on the distribution of the carbon. 

The whole subject of atomic forces and their relation to physical properties seems 
to be a field ripe for investigation. Dr. Mehl’s very interesting and valuable work 
seems to point to one method of attack. It is hoped that this paper will be followed 
by others. If the science of metals is to progress far beyond its stage of empirical 
development, it is necessary that physical characteristics be defined in terms of 
theoretically sound fundamental concepts. 


G. E. Doan, Bethlehem, Pa.—That the property of pure metals which we call 
“hardness” is really an expression of the cohesion-pressure caused by molecular 
attraction has been shown recently by Richard von Dallwitz-Wegner in Heidelberg. 
This cohesion-pressure originates in the surface phase of the substance, but it acts as an 
external force on the entire body. It can be calculated according to the equation: 


1 
KP Sa af (1 shal atm, 


““ Uber Kontakt-Elektrizitat, Thermoelektrizitat und Kohasionsdruck. Zeitschr. 
Stir Elektrochem. und angew. physik. Chem (1928) 34, 42. 
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where y is the density of the metal in kilograms per liter, M is its (chemically relative) 
molecular weight, ¢° C. is the temperature existing, and 6 is the cubic coefficient of 
expansion per degree Centigrade (6 = 38’ where 6’ is the linear coefficient as given 
in the tables). P is the external atmospheric pressure, which may be neglected. 

If the metals are tabulated in order of their cohesion-pressures the series is likewise 
a hardness series with iridium at the hard end, and mercury, lead and tin at the soft 
end, Diamond (hardness 10 on the customary scale) has a cohesion-pressure of 
13,000,000 atm. Then comes quartz (hardness = 6) with four million, etc. 

That the force of cohesion acts as an actual external pressure rather than a mere 
pressure in the surface layer is shown by computing the work done when a body weigh- 
ing 1 kg. expands on heating 1° against this external pressure. The specific heat is 
added to the body and one can calculate this specific heat at constant volume, 


kg. cal. oh ter: ‘ ° : 
(Oe ae This will show that the difference of the molecular heats 


kg. cal. 
M. kg. 


Gays ae Cae = R = 1.974 


just as is the case with the ideal gases. Furthermore, the ratio Cnp/Cm» = 1.6 as 
with monatomic gases. It follows from this that the cohesion-pressure in a solid or 
liquid is really the same thing as an external pressure upon a gas. 

For these reasons, the use of cohesion-pressures and compressibility data as 
adopted by Dr. Mehl seem not only scientifically sound but quite fundamental to the 
explanation of hardness in pure metals and in solid solutions. Other factors, such as 
crystal symmetry and subatomic forces, do, no doubt, influence the hardness, as Dr. 
Mehl points out; but as a fundamental force in determining hardness, that of cohesion- 
pressure as calculated by the Dallwitz-Wegner equation, or as measured from com- 
pressibility data, would seem far more important. 

The compressibility measurements on quenched (martensitic) steel and the cohe- 
sion-pressure of solid solution such as Ag Au alloys do not, however, explain their 
superior hardness. They seem to show, rather, that, in the case of alloys, hardness is 
largely due to some cause other than cohesion-pressure between the atoms or molecules. 
That martensitic steel should have the same compressibility as pearlitic steel is 
quite surprising in view of their great difference in hardness. Likewise, the increased 
hardness of solid solutions over that of the component metals is not accounted for by 
compressibility. Finally cold-worked copper shows little change of compressibility 
over annealed copper, although its hardness is enormously increased. In view of the 
author’s results on solid solutions, we may ask the question: “Is the attraction between 
unlike atoms or molecules always greater than between like atoms?” When the limit 
of solid solubility between two metals is reached, does that not indicate that the 
attraction for foreign atoms has been exhausted, even though the space-lattice con- 
ditions are favorable as in the silver-copper alloys? Likewise, when two immiscible 
liquid layers of metal are formed, is that not indicative that the attraction of the 
atoms within each layer is greater than that for foreign atoms? 

At least Dr. Mehl’s paper has shown that the increase in hardness of a solid solution 
over that of the pure components is not satisfactorily accounted for by the increased 
attraction between unlike atoms or molecules as arrived at by compressibility tests 
or by calculation of cohesion-pressure. Thus, the rather simple and satisfactory 
relation between hardness and cohesion-pressure which holds for pure equiaxed 
substances seems inadequate to account for the increased hardness of solid solutions 
and conglomerates. It seems, however, to be a thoroughly sound basis from which 
to start a study of this nature and it is hoped some further light will thereby be thrown 
upon that very important group of alloys, the solid solutions. 
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S. L. Hoyt, Schenectady, N. Y.—The main point I wish to make in the discussion, 
aside from commenting on the high quality and great promise of this paper, would be to 
suggest to the author that he secure better hardness figures. It is unfortunate that 


an attempt of this kind is really weighted down by such hardness figures as he has. — 


Any metallurgist will appreciate that on going over the hardness figures which are 
given here. 

What I would offer by way of constructive criticism would be that he use the 
elastic or absolute hardness, for instance, in the Auerbach-Hertz sense; that is, the 
hardness as measured by a sphere and a plate made out of the same material. That 
will give him the elastic hardness which conceivably should bear a closer relationship 
to other elastic phenomena than the Brinell hardness number, which is a purely arbi- 
trary number, with no physical significance aside from what you yourself want to read 
into it. Even the geometry of the Brinell hardness determination is against it for 
purposes of that kind. It would be far better if Dr. Mehl would use Meyer’s constant 
@ as an indication of the hardness of the material because the constant a bears a 
much closer relationship to the elastic hardness than the hardness number itself. 

So I feel it is to be hoped that Dr. Mehl will continue his work, making use of better 
measurements of the hardness than he has, and if Dr. Gillett, of the Bureau of Stand- 
ards were here, I would like to suggest to him that some of the enthusiasm 
which he himself displays for this work might well be utilized in working on the 
hardness problem. 


J. ALEXANDER, New York, N. Y.—I would like to emphasize several points here. 
One is that the Brinell hardness seems to be a very variable proposition. If you take 
the purest obtainable tin and the purest obtainable lead and prepare two specimens of 
each, one of which has been chilled quickly and the other chilled slowly, the quickly 
chilled specimen will show about a whole point in Brinell hardness harder than the 
slowly chilled one. That immediately brings up the point that, entirely apart from 
these interatomic forces, which undoubtedly exist, we probably are dealing in metals 
at all times with interfacial forces. Interfacial forces involve the concept of different 
phases. 

Now we may conceive of a substance being dispersed in itself: That is a rather 
unique conception. I think the first one to bring it out was Wolfgang Ostwald. You 
may, for example, have finely dispersed ice dispersed in still liquid water. This 
phenomenon, called isocolloidism, becomes a factor to be reckoned with in the ideal 
theory which Dr. Mehl has so well brought out in the curves actually obtained. A 
great deal will depend on what the internal structure of a mass of metals actually is. 


Z. Jerrries, Cleveland, Ohio.—I want particularly to call attention to one group 
of facts and its possible relation to this question of internal pressure. Take, for 
example, a single crystal of copper about 34 in. in diameter. It can be bent at room 
temperature in the two hands. The resistance to deformation could not be greatly 
different in point of magnitude even at 1000° C. near the melting point of copper, so 
that for a long range of temperature in copper the resistance to deformation does not 
increase very greatly. On the other hand, a single crystal of tungsten at room tem- 
perature has a definite elastic limit and may be considered as a relatively hard material 
as compared with a single crystal of copper. But, on cooling to liquid air, the single 
erystal of tungsten becomes a really hard substance. The cooling range in the above 
instance is only 200° C., and the decrease in volume is only 0.33 per cent. This shows 
that a slight decrease in volume brought about by a change in temperature, if that 
temperature range is carefully selected, may make a tremendous increase in what we 
call hardness. 

In that particular temperature range, if we should plot a curve of volume decrease 


against increase in hardness, we would find relations not unlike those shown in Dr. 
Mehl’s Fig. 2. 


. 
: 
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As a mechanical conception of this phenomenon, last year, some of you may 
remember, it was pointed out that slip occurs in grooves on the crystal planes and 
that if the atoms are really physically separated from one another, there could be 
considerable change in volume without changing the resistance to slip a great deal. 
But if the atoms. become compressed on the plane, either generally or at points so that 
the planes of atoms can no longer slip smoothly down ¢he grooves but are interfered 
with by actual contact, you can see at least one mechanism for a tremendous increase 
in hardness or resistance to slip with a very slight decrease in volume. 

We cannot, of course, use the temperature and internal-pressure changes of volume 
without discretion. Dr. Bridgman has shown, for example, that certain metals which 
show supraconductivity, when cooled to a temperature near absolute zero, can be 
compressed at room temperature so that the volumes are less than they would be at 
absolute zero by calculation, and yet those metals do not exhibit supraconductivity. 
On the other hand, the relation between volume and cohesion is one which can be used 
with a greater degree of certainty. 

I would like to express my great appreciation for the results reported in this paper 
and to offer the suggestion that one of the indirect consequencés of increase in internal 
pressure is to bring the atom centers closer together there by interfering with slip. 


J. L. Greae, Chicago, Ill. (written discussion).—I am afraid that, in looking for 
more than a casual relation between hardness as measured on metals and an elastic 
constant, such as compressibility, Mr. Mehl has overlooked some fundamental things 
about “hardness.’? Hardness as measured by Brinell or scratch process is a measure 
of the force necessary to produce an irreversible deformation as distinct from the 
reversible processes involved in compressibility, etc. The discussion of hardness in 
the first six pages does not, therefore, appear to me to be very useful. 

The author quotes Bridgman as finding that severely worked copper and iron gave 
nearly the same compressibility values as annealed copper and iron. The references 
given do not seem to indicate so certain a conclusion. The metal that is capable of 
the greatest work hardening (tungsten) was found by Bridgman to show a distinctly 
measurable difference in compressibility when in the form of rod and wire, the wire 
showing the greater compressibility. Taking also Richards’ figure for a tungsten 
pellet, we get the following interesting figures: 
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The indications from Bridgman’s work are that copper and aluminum show much 
less, if any, change, but the amount of working is not given in Bridgman’s paper and 
such difference as exists is consistently in the same direction as with tungsten. 

It would seem worth while to consider what might be expected from what the 
metallurgist may fairly say he knows about work hardening; namely, that deformation 
takes place along certain glide planes and the increased hardness on working results 
from an interference with the slip along these planes. I do not think that any metal- 
lurgist holds today that any appreciable per cent. of the space lattice is fundamentally 
changed. The thing that is worrying us is the mechanism of this slip-interference and 
the nature of the space-lattice change immediately around these glide planes. Since 
the amount of the lattice so changed is small, the change in compressibility would be 
small in any case. It is unfortunate that the author did not repeat Bridgman’s 
work. That there appears to be a small change in the case of tungsten in the direction 
of greater compressibility is interesting as indicating that the glide-plane areas have 
a distinctly higher compressibility. It will be remembered that Beilby found a 
lower modulus for hardened metal as measured by the note emitted by metal reeds. 
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Attempts to connect these compressibilities with hardness are quite obviously 
futile, for reasons previously given. That hardened steel has the same compressibility 
as the same material quenched is interesting but not “very surprising”’ in view of the 
unfortunate fact that the elastic modulus is similarly unaffected in any great degree 
by hardening. 

I cannot agree with the author that data on compressibility and internal pressure 
furnish a basis for the analysis of the hardness of pure metals, and I wish to emphasize 
again that hardness as measured metallurgically is resistance to irreversible deforma- 
tion—compressibility is concerned only with reversible deformation. ; 


R. F. Meuu (written discussion).—The effect on the hardness of duralumin of 
the interatomic forces operative between the precipitated particles and the surrounding 
atom layers pointed out by Merica and discussed by Dr. Gillett, should be noticeable, 
if sufficiently great, in a divergence in the calculated and the observed compressibility 
coefficients for duralumin. I had planned to investigate this point, but the rapid 
reaction between the duralumin specimen used and the water serving as a filling 
medium in the piezometer made the determination impossible. By the choice of a 
different filling medium, or by the use of another method of measurement, such as 
Bridgman’s change in length method, the determination could be carried out, and 
might lead to an interesting result. 

The accuracy of 3 per cent., to which Dr. Gillett calls attention, refers to the 
piezometer method of measurement developed by Richards and used here for the 
determination of the compressibility of alloys. The data quoted on the compressi- 
bility of cold-worked metals are Bridgman’s, and were obtained by a different method. 
Bridgman estimates his accuracy to be of the order of 0.1 per cent. I should like 
to call attention to the fact that the compressibility data taken from Bridgman’s 
work are not quoted as proof against the presence of amorphous metal, but merely 
as an indication of the absence of amorphous metal in any great quantity (see page 411). 

The modulus of elasticity in tension (Young’s modulus) cannot be taken alone 
as unequivocally indicative of the intensity of atomic bonding. In combination 
with the modulus of elasticity in shear (the modulus of transverse elasticity or of 
rigidity), however, it can be used to calculate compressibility by the familiar equation, 
used for the purpose for a number of metals by E. Gruneisen.*” A variation in the 
moduli of elasticity in shear for two substances having identical moduli of elasticity 
in tension would lead to different compressibility coefficients. (See the fifth para- 
graph of Mr. Gregg’s discussion.) It is therefore a question of which of the moduli 
should be used as indicative of the intensity of cohesion. Attempts to use these 
moduli for the purpose were unsuccessful and led to adoption of the compressibility 
coefficient, the reciprocal of the bulk modulus. This is a constant very little affected 
by mechanical state and the method for its determination is applicable alike to 
soft, hard, or brittle materials. 


78 = 9C — oe = aN E aa where £8 is the compressibility coefficient, C is the 
modulus of rigidity, EZ is Young’s modulus, and o is Poisson’s ratio. cf. E. 
Gruneisen: Ann. Physik (1907) 22, 801; (1908) 25, 825; also G. Sachs: Grundbegriffe 
der Mechanischen Technologie der Metalle, 9-13, Leipzig, 1925, Akad. Verlag. 

** The determinations of the moduli of elasticity in tension and in shear are very 
difficult for highly plastic materials like lead and for highly brittle materials like the 
intermetallic compounds, and in addition are vitiated by the presence of small mechan- 
ical imperfections, whereas the determination of the compressibility coefficient is 


relatively very much less sensitive to these conditions. For these reasons a direct - 


determination of the compressibility coefficient is much to be preferred. 
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A more direct method of estimating the intensity of the interatomic cohesion 
would be obtained by a determination of the true breaking strength.‘® In metals, 
however, this is obscured by mechanical slip** and by the presence of small mechan- 
ical imperfections. 

The compressibility coefficient is a constant for any given substance. For a 
mixture, the mean compressibility coefficient may be calculated from the composition 
by volume; for two mixtures made up of the same components in the same proportions 
similarity in the compressibility coefficients points to similar structural units, though 
it does not demand it. This limitation in the significance of the results is implicit 
in the discussion (page 415, second paragraph). With réspect to the main conclusion, 
that there is no appreciable increase in cohesion accompanying quench-hardening of’ 
carbon steels, no qualification appears to be required. +7 

As Dr. Lester points out, the presence of voids in the materials measured would 
have rendered the results worthless. This error was obviated by the determination 
of density and a comparison of the determined density with that calculated from 
the composition. In cases where the determined densities were suspected the alloys 
were photographed by X-rays. As a result one cast alloy of copper-silicon, which 
showed a serious shrinkage cavity, was discarded. 

Both Dr. Lester’s and Dr. Hoyt’s remarks on the hardness data used in the paper 
are quite justified. The object of the present paper was to present new data on the 
compressibility of alloys for logical analysis from the particular point of view of 
interatomic cohesion and for examination with respect to their metallurgical signifi- 
cance. It appeared immediately that compressibility and internal pressure had 
significance for the hardness of metals and alloys. The author was therefore con- 
strained to make use of the hardness data for the pure elements available in the 
literature, whatever their limitation. That such a course seems justified is fairly 
evident from the discussion given on page 409. 

The recent paper by R. von Dallwitz-Wegner, to which Dr. Doan calls my atten- 
tion, is very interesting. The equation derived for the cohesion-pressure, though 


nie 
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the reciprocal of the molecular (or atomic) volume, and is identical with Va? 


obtained in a different manner, is dimensionally similar to that of Richards. 


identical with = and for a given temperature, ¢ and the factor 84.1 may be compared 
to R, all of them constants. Cohesion-pressures calculated by this equation for a 
definite temperature will therefore be equal to those of Richards multiphed by a 
constant. A tabulation of the cohesion-pressures versus hardness will give a series 
parallel to that of Richards, as Dr. Doan points out. 

The first question in Dr. Doan’s fifth paragraph is very pointed. It can be 
answered in only a general way, since direct measurements on the thermodynamic 
potentials of alloy phases are entirely lacking. Crystallographic factors permitting, 
two metals will form solid solutions when their mutual attraction is sufficient to 
overcome the tendency of the metals to occupy their characteristic lattices with 
characteristic parameters. That is, the average cohesive force (or pressures) in the 
alloy are greater in the solid solution than the mean of these forces or pressures in 
the unalloyed metals. The decreases in the compressibility coefficients formed for 
solid solutions, and the increase in the internal pressures calculated support, so far as 
they go, this conclusion. With respect to the factors controlling limited solid solubil- 
ity I should not so much as hazard an opinion. They must include the specific attrac- 


49 Cf, Sachs: Op. cit., 63-65; also A. Joffe: Trans. Far. Soc. (1928) 24, 65. 


50. H. Desch: Trans. Far. Soc. (1928) 24, 55. 
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tion factor, together with crystallographic, elastic and electronic factors. Though 
I have attempted to evaluate these various factors in relation to the known limits of 
solid solubility for the various systems, I have found no rigorous generalizations. 

The discussion by Mr. Gregg seems to miss the essential logical point of the argu- 
ment given in the paper. The compressibility coefficient is taken, not as equivalent 
to hardness, but as indicative of the intensity of one of the factors governing resistance 
to slip, namely, the interatomic forces. Its peculiar virtue lies in the fact that no 
deformation by slip, no permanent deformation, occurs during its measurement. It 
therefore isolates one factor in hardness, and gives an estimation of it without reference 
to those complicated processes which set in when slip occurs. It is therefore comple- 
mentary to investigations on the mechanism of slip, The value of the argument must 
rest upon the regularities in behavior it adduces; these are given in various places in 
the paper, especially on page 409. 2 

The compressibility coefficients for tungsten obtained by Bridgman and quoted 
by Mr. Gregg are somewhat uncertain in their significance. The material with the 
higher compressibility (the drawn wire) showed the higher density, a contradictory 
result. The results on this wire are discussed at some length by Bridgman in the 
original paper.5! The compressibility coefficient found by Richards for tungsten 
pellets, namely, 0.27 X 10-*, was determined years ago when the method used was in 
an early stage of development and when high accuracy was not attempted. This is 
also noted by Bridgman.*? 

I should again like to call attention to the exact phrasing of the conclusion drawn 
from Bridgman’s results, given in the last sentence in the first paragraph‘on page 411. 

The relation between the elastic moduli and the compressibilities of the steels has 
been discussed above (in reply to Dr. Gillett). _So far as I have been able to determine 
during an exhaustive search of the literature there has been no determination of the 
two elastic moduli for annealed and quenched steels. Such a determination would 
yield information similar to that given here, but would be much more difficult to carry 
out. A determination of either one of the moduli alone, however, would not be 
decisive with respect to the cohesive forces present, as previously pointed out. 

In concluding this discussion, attention should be called to the recent symposium 
of the Faraday Society on cohesion,** in which are discussed a number of problems 
bearing on those treated here. It is pointed out on page 410 of the present paper that 
the Brinell hardness for metals of the same lattice type is not strictly paralleled by 
the internal pressure. It is concluded from this that there are other factors besides 
the lattice structure and the internal pressure contributing to the resistance to slip, 
which may include differences in the directional forces operating between atoms, 
related to differences in electronic distribution in the atom periphery, and which are 
not revealed by the lattice structure. Additional evidence of the presence of these 
factors may be drawn from the observation of M. Polanyi*t given in the Faraday 
discussion that though metals of the same lattice type (silver, copper, and aluminum) 
agree qualitatively in their mechanism of slip, the fiber structures show that the ratio 
of slip among the various contributing planes is not the same for the different metals. 

I should like to express my keen appreciation for the kind discussions of this 


paper offered by Dr. Gillett, Dr. Lester, Dr. Doan, Dr. Hoyt, Mr. Alexander, Dr. 
Jeffries, and Mr. Gregg. 


5! Proc. Am, Acad. Arts & Sci. (1923) 58, 168. 
52 Op. cit. 

°8 Trans. Far. Soc. (1928) 24, 53. 

°* Trans. Far. Soc. (1928) 24, 77. 
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Twinning in Copper and Brass* 


By Atsert J. Puiturps,t WaTersury, Conn. 


(New York Meeting, February, 1928) 


As EARLY AS 1824, Haidinger' described crystals of native copper that 
were, according to Dana,’ ‘“‘probably twinned parallel to the octahedral 
plane and normal to this axis.’”’ In 1837, Rose* very clearly demonstrated 
that native copper crystals were commonly twinned on the octahedral 
plane. Lasaulx,‘ in 1882, described polysynthetic octahedral twins and 
stated that enclosed twinning lamellae were observed. Even on crystals 
formed artificially by electrolysis, twinning was observed as early as 
1886, by Brown.’ Many other descriptions of twinning in native copper 
and in gold and silver are to be found in the literature, and in every case 
with which we are acquainted the twinning is conformable to the spinel 
law; 7. e., the octahedral plane is both twinning and composition plane. 

Metallurgists have long been familiar with the straight-sided bars or 
bands that commonly occur within the irregularly outlined grains of 
metallic crystalline aggregates. They are certainly found in nearly all 
metals of the face-centered cubic type after cold working and annealing. 
If a specimen showing these bands is rotated, keeping the angle of inci- 
dence of the illuminating beam constant, they usually exchange color con- 
trast periodically with their respective matrix crystals. Also slip lines, 
when produced in these specimens, nearly always show a change in direc- 
tion upon passing through the bands, giving rise to the “stairway” 
effect often illustrated in metallurgical textbooks. 

Apparently the only quantitative observations on bands of this sort 
were made by Osmond and Cartaud*‘ on austenitic steel. They selected, 


* Part of a dissertation to be presented by the author to the Faculty of the Gradu- 
ate School of Yale University in part fulfillment of the requirements for the degree 
of Doctor of Philosophy. 

+ Metallurgist, Scovill Mfg. Co. 

1W. Haidinger: On the Regular Composition of Crystallized Bodies. Edinb. 


Jnl. of Sci. (1826) 1, 58. 
2B. 8. Dana: On the Crystallization of Native Copper. Am. Jnl. of Sci. (1886) 


32, 413. 
3G. Rose: Reise nach dem Ural (1837) 1, 313, 401; 2, 453. 
4A. Von Lasaulx: Sitzungsber, Niederhein, Ges. Bonn, July 3, 1882. 
5 W. G. Brown: Cryptallographi¢ Notes on Artificial Copper Crystals. Am. Jnl. 


of Sci. (1886) 32, 377. 
6 F. Osmond and G. Cartaud: The Crystallography of Iron. Jnl. Iron Steel Inst. 


(1906) 3, 444. 
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from an aggregate of austenite crystals, one containing a set of cubic 
planes parallel to the polished surface. By carefully cutting a cross-sec- 
tion through the crystal at right angles to the surface, along a predeter- 
mined line, a cubic plane belonging to another set was exposed. They 
were then able to demonstrate that the two pairs of twin bands which 
could be seen on these exposed cubic surfaces were parallel to 
octahedral planes. 

This somewhat scanty evidence, coupled with the knowledge that 
octahedral twins are common in natural metallic crystals, has constituted, 
so far as I can ascertain, the best justification for the almost universal 
judgment that these bands are caused by twinning along octahedral planes. 

Tammann and Meyer’ have recently contradicted this assumption. 
After determining orientations in cold-rolled and annealed copper by 
their method of “‘maximum glitter’? (maximale Schimmer), they stated 
that, “In recrystallized copper the twinning plane is not the octahedral 
but the icositetrahedral (trapezohedral) plane.’ Since they employed 
a new and seemingly unproved method admittedly incapable of indicating 
the exact orientation of a crystal, their conclusion can be accepted only 
provisionally. Even more recently, Dr. C. F. Elam’ reported the occur- 
rence of banded structures in aluminum and in native copper, which, 
when examined by means of X-rays, did not give evidence of a twin 
_ relationship to the rest of the crystal. 


INVESTIGATION OF BANDS IN COPPER AND ALPHA BRASS 


In view of these discrepancies the following work was done in an 
attempt to definitely settle the character of the familiar bands in recrys- 
tallized copper and alpha brass. 

Since the stereographic projection probably offers the best general 
method of plotting planes in space, it has been chosen as a medium for 
expressing the results of the present investigation. While this method is 
constantly used by crystallographers, it has been so infrequently adopted 
by metallurgists in general that the following rather detailed description 
seems appropriate. 

To fix a plane in space, it is necessary to know only the location of two 
lines in that plane. For example, in Fig. 1, if oa represents the intersec- 
tion of an unknown plane with the horizontal plane marked ‘“top”’ 
and oa’, its intersection with the front vertical plane, then by means of 
the angles which these lines makes with vw, the intersection of the vertical 
and horizontal planes, the unknown plane can be located. This is done 
stereographically in Fig. 2, where the equatorial plane of the projection 
coincides with the horizontal plane and the diameter marked “edge”’ 


7G, Tammann and H. H. Meyer: Die Anderung der Kristallitenorientier bei 
der Rekristallisation von Kupfer. Zeitschr. fiir Metall. (1926) 18, 176. 
®C, F. Elam: Banded Structure in Aluminum. Nature (1927) 120, 259. 
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represents the trace of the front vertical plane. The horizontal angle 
woa in Fig. 1 is represented by the angle woa in the projection, while the 


Fic. 1.—TRacks oF AN UNKNOWN PLANE ON A HORIZONTAL AND VERTICAL PLANE, 


vertical angle woa’ is represented by the angular distance wa’. The are 
usa’a is the stereographic projection of the semicircle in which the 
unknown plane cuts the sphere of reference. By a convention which 


egj7e _. 


Fic. 2.—_STEREOGRAPHIC PROJECTION OF Fic. 1. 


permits representing both hemispheres within the divided circle, the pole 
of this plane is shown by point A, located at 90° from point s along the 
vertical great circle rf. It should be noted that the convention has been 


. : ~ 
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adopted of drawing constructions in the lower hemisphere with the point 

of sight at the top of the sphere while the poles of planes are presented in 

the upper hemisphere by transferring the point of sight to the bottom of 
‘the sphere. 

If another unknown plane were to pass through the same horizontal 
and vertical planes, it could also be plotted on the projection and the 
angle that it would make with the first unknown plane could be deter- 
mined by measuring the angular distance between their two poles. This 
may be done in the conventional manner by first determining the great 
circle on which the two points lie and then the angular distance between 
these points, by constructing the appropriate small vertical circles. 
Stereographic nets, described by Wulff,® are most convenient for these 
determinations. If the two unknown planes are similar crystallographic- 
ally, the angle between them may be unique and permit recognition of 
their form. For example, the distance between all cubic planes is 90°; 
between octahedral planes 70° 31’ 44’; between dodecahedral planes, 
90° or 60°, ete. 

From the foregoing it is apparent that if a sample of metal containing 
banded coarse grains is polished on two surfaces at 90°! to each other, in 
such a manner that two or more sets of bands can be traced on each sur- 
face of a single crystal, the planes which these bands occupy can be deter- 
mined and, in all probability, recognized from their dihedral angles. 

To test this, specimens of deoxidized copper were prepared by stretch- 
ing a strip of annealed cold-rolled material 2 per cent. and then reanneal- 
ing at 950°C. for 12 hr. to produce coarse grains. Several pieces 1 by 376 
by 1% in. were cut from the central section of the strip and prepared for 
microscopic examination on two surfaces at right angles to each other, 
taking pains to preserve a sharp edge at their intersection. 

Several of these specimens contained one or more crystals with bands 
in a suitable position for measurement. The sketch, Fig. 3, shows the 
angles between the bands and the edge on both surfaces of such a crystal, 
while the circles in Fig. 4 show the stereographic location of the poles of 
the corresponding planes. The square marked [001] was found to repre- 
sent the best location of the cubic axis and thus indicates the orientation 
of the crystal, while four crosses mark possible locations of octahedral 
planes around this axis. Their agreement with the three points deter- 
mined from actual measurements is quite satisfactory. It should be noted 
that bands a and 6b only (Fig. 3) could be traced over the edge from the 
horizontal into the vertical plane.'! 


9 G. Wulff: Zeitschr. fiir Krystall. (1902) 36, 14. 
10 The angle of 90° is adopted merely for convenience. Any other known angle 
would suffice. 


11 The position of the cubic axis is, in fact, fixed by two associated pairs of bands; 
additional data merely confirm the conclusion, 
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When the measurements were made it was not recognized that the 
traces d and d’ could be explained by octahedral planes of the same set. 
Upon proceeding-with the construction, however, this became apparent. 
Since the band ¢ was found only on one surface, the position of its pole 
could not be located but its observed trace in the horizontal plane fixed 
the location of the vertical great circle which includes its pole and is shown 
in the projection as the diameter C. Here also the theoretical position 
of an octahedral plane falls quite close to the determined line. 


Ce geper /3SC/ 


Via. 4.—STEREOGRAPHIC PROJECTION OF FIG. 3. 


Measurements and projections similar to those just described were 
made in the case of three copper and eight brass crystals. In every case 
all the bands observed were found to fit the assumption that they occupied 
octahedral planes. While this is very strong evidence that bands are 
caused by twinning along these planes, it is not positive proof, since no 
attention has been paid to the crystallographic orientation of the material 
within the bands. For example, in case of spinel twinning, an axis of 
fourfold symmetry in a twin should lie at 70° 31’ 44” to a similar axis 
in the untwinned portion. If some such orderly relation within the bands 
measured does not prevail, we are not dealing with true twinning in the 
accepted sense. 


ALBERT J. PHILLIPS 435 


It was observed early in the course of this work that many of the 
large bands measured contained internal small bands as illustrated in 
Figs. 5and 6. These small bands appear to be related to the bands con- 
taining them in exactly the same way as the latter are related to the main 


Fic. 5.—TwIn BANDS IN A SINGLE CRYSTAL OF COPPER. 
Fic. 6.—TwIn BANDS IN A SINGLE CRYSTAL OF BRASS. 


erystal. Granting the assumption that all the bands are twins along 
octahedral planes, the small bands must occupy positions that can be 
exactly calculated from measurements like those previously described. 
It is, perhaps, necessary to caution the reader that the small bands are 
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not directly related to the main crystal, in spite of the fact that their 
enveloping band is twinned with respect to it. 

Fig. 7 is a sketch of two surfaces of a brass crystal, giving the location 
of the main bands and their internal twins. A stereographic representa- 
tion of these data, using the horizontal or “‘top”’ surface as the plane of 
the projection, is given in Fig. 8. Here, as in Fig. 4, the circles at A, B 
and C represent the poles corresponding to the bands aa’, bb’ and a 
while the pole representing the fourth band must lie on the diameter DD. 
The agreement of the observed data with the theoretical locations of the 
octahedral planes (indicated by crosses) is quite close. 


b/ 


ces 2/ 


Brass 49Ft/- 
Fic. 8.—STEREOGRAPHIC PROJECTION OF Fic. 7, CONSTRUCTED ON THE HORIZONTAL 
PLANE. ; 

Within the band aa’ an internal band was observed on the horizontal 
surface and another on the vertical surface. If it is assumed that these 
are traces of the same plane, its pole is given by the circle Al in the pro- 
jection. The cross Ta represents the theoretical position of one of the 
octahedral planes within the twin band aa’ and agrees quite closely with 
the determined point. 

Twin band bb’ shows one internal band on the horizontal plane and 
three on the vertical. Since the band marked 1 is obviously parallel to 
the intersection of the vertical and horizontal planes, its pole cannot be 
exactly located but must lie along the diameter b1, 61. Here again the 
cross Tb marks the theoretical position of an octahedral plane within the 
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band bb’ and falls directly upon the determined line. The other two 
bands of bb’, as well as the only band in cc’, having been observed on the 
vertical plane, cannot be conveniently located in Fig. 8. 

The poles of the two internal bands of twin d must lie along the 
diameters d1, d1 and d2, d2 and are undoubtedly exactly located by the 
two theoretical points marked td1 and ¢d2. 

Fig. 9, like Fig. 8, is a stereographic projection of the crystal sketched 
in Fig. 7, but the plane of the projection in this case is the vertical or 
front face. It was constructed to make sure that the internal bands which 


Brass AIALH/. 


Fia. 9.—STEREOGRAPHIC PROJECTION OF Fia. 7. ConsTRUCTED ON THE VERTICAL 
PLANE. 


are not shown in Fig. 8 occupy rational twinning positions. That such is 
indeed the case is readily evidenced by the close coincidence of the 
theoretical poles 7'b'1, Tb’2, Tb’3 and Tc’ with the lines b’1',.b'2’, 6'3’ and 
el’ deduced from the measurements. 

The foregoing affords convincing proof that the bands commonly 
encountered in copper and brass are twins of the spinel type. It further 
suggests that bands of similar appearance in other metals of the face- 
centered cubic lattice are due to twinning according to the same law. 
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DISCUSSION 


N. B. Prutine, Bayonne, N. J. (written discussion)—Mr. Phillips has twitted us 
gently for having made too tacit an assumption about the nature of the familiar 
banded structures in copper and many copper alloys, and has then proved very oblig- 
ingly that the guess was right after all. Several years ago an example of this structure 


Fig. 10.—LigHT ETCHING GRAINS HAVE CUBIC AXES PARALLEL TO MAJOR AXES OF 
ROLLED STRIP, AND TWIN BANDS SHOW AS TRACES OF OCTAHEDRAL PLANES, x 100. 


in annealed copper came to my attention, which had so many unusual features, 
including a direct demonstration of the position of these bands with respect to the 
lattice, in agreement with the proof Mr. Phillips has just given, that it may be of 
some interest in this connection today. 

The specimen was taken from an electrolytic copper wire bar having the analysis: 
Cu, 99.94 per cent.; O, 0.066; Fe, 0.003; 8, 0.002; Pb, nil; Sn, nil. This bar had 
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been hot rolled to a thickness of 0.27 in. annealed and then cold rolled to strip 0.043 in. 
thick, a reduction in thickness of 84 per cent. After annealing an hour at 900° C.a 
microsection in the plane of rolling revealed the structure shown by Fig. 10. The 
unusual feature of this lies in the fact that although it is not a single crystal, the 
“twin bands” of the aggregate are closely parallel to two principal directions at right 
angles to each other and both inclined 45° to the long dimension of the rolled strip, 
which was parallel to the bottom edge of the slide. 

The geometry of this arrangement is more clearly shown in this model in which the 
microstructures of random surfaces in three planes mutually at right angles to each 
other and parallel to the length, breadth and thickness of the rolled strip are given. 
The twin bands maintain the same relative position in all three planes and it is neces- 
sary to make only one assumption—that copper crystallizes in some cubic lattice—to 
see at once by inspection that: 

1. Most of the grains lie in a nearly common orientation in which the cubie axes of 
the lattice are parallel to the length, breadth and thickness of the rolled strip; 

2. The twin bands within these grains truncate the cube corners of the lattice 
equiangularly and therefore must be bounded by octahedral planes. 

A close study of these photomicrographs will show other interesting features which 
will not be discuss2d, not being directly related to the subject of Mr. Phillips’ paper. 

It may be noted that portions of this same rolled strip annealed at considerably 
lower temperatures showed an entirely random grain orientation and that other por- 
tions of the same copper cold rolled less drastically failed to develop a preferred 
orientation on annealing at any temperature. The present effect was not a chance 
happening, but was repeated several times. 


L. W. McKEeEnan, New Haven, Conn.—We have here a good deal of experimental 
work expressed in a very simple and adequate form. In metals which have the same 
crystal structures, conditions which cause or prevent twinning are frequently very 
different. The authors have noted in connection with the paper on beryllium, 
magnesium, zine and cadmium” that the ease of producing twins in beryllium, 
magnesium and cadmium is different from the ease of producing twins in zinc. The 
crystallographic structures in the case of these three metals are quite similar except 
that there are differences in the axial ratio. We are compelled to consider the crystal 
structure as giving only a small part of the properties of the metallic crystals. Per- 
haps too much has been said in the past about the fact that the face-centered cubic 
structure characteristic of copper is a close packing of spheres. If the things which 
are packed are very nearly spheres, a twin boundary, a composition plane between 
twins, has no more irregularity of atomic forces in it—of course, between adjacent 
atoms—than has a corresponding plane anywhere in one solid crystal; but if the things 
that are packed are very different in their symmetry from spheres, a composition plane 
between twins may be a region of severe strain and in such metals preservation of twins 
would be more difficult. 

In this sort of work, as well as in the study of forces necessary to produce slip along 
these planes and others, we may hope to get a great amount of information regarding 
the actualinteratomic forces which formed the subject of an earlier paper this morning. !3 


C. F. Exam, London, England (written discussion).—Mr. Phillips’ paper shows 
that, in the samples of copper and brass measured by him, the twin bands appear to 
make angles of approximately 70° with each other. This is the angle between octahe- 
dral planes of a cubic crystal, but other planes in the cubic system have this value for 
their dihedral angle; e. g., certain planes of indices {112} are 70° apart. The whole 
problem depends on the correct determination of the crystal axes, and there is nothing 


See page 445. 13See page 405. 
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in the present paper to show that this was done. The only reference is on page 432, 
where it is stated that ‘‘the square marked [001] was found to be the best location of 
the cubic axis and thus indicates the orientation of the crystal.’’ Perhaps the author 
has some information that does not appear in the paper, but in any case the determina- 
tion of one axis, even in the cubic system, does not fix the position of all the planes. 
If this point was determined on the assumption that the bands followed the traces of 
octahedral planes, the author was assuming what it was desired to prove, and any 
conclusions arrived at are valueless. Further, it is not justifiable to make deter- 
minations on the inclinations of planes, unless the traces on both sides of the specimen 
can actually be shown ‘to belong to the same plane. 

If the author can complete his measurements as indicated, it will very much 
strengthen his supposition that the familiar banding in. eopper and brass is of the 
same nature as the spinel twin. - . 


A. C. Lann, Tufts College, Mass. (written discussion)—In the second volume 
of the Bulletin of the Geological Survey of America (1891, p. 368) using the same 
stereographic methods as Phillips, I solved the problem of the locus of all sections 
in which the trace of a known solid angle made a given angle. It is a biquadratic, 
and if two such angles were given only certain sections were possible. If this locus 
were computed for the octahedral faces, and for various values of the angle as seen 
in section, as I did for pyroxenes in my Fig. 6, it would be a simple matter to identify 
lines such as Phillips describes. Whether the problem occurs frequently enough to 
be worth while, I do not know. 

I found that little irregularities in straight-line twin boundaries were much 
more marked when the angle to the plane of section was small, and certain features 
in Phillips’ excellent photographs lead me to wonder if it may not also be true in 
his surfaces. 


C. Benepicks, Stockholm, Sweden (written discussion).—The method used by 
Mr. Phillips—that of measuring the plane angles, formed on two ground surfaces 
(inclined 90° or any other known angle) by the intersecting unknown planes, and 
then constructing the stereographic projection—evidently is entirely correct. It 
has, however, the inconvenience of being rather laborious, and applicable only for 
comparatively large unigrain specimens. 

The writer for a long time has used another method, which may be found to be 
more convenient at least in some cases. This method permits of deciding whether 
the angles seen in any photomicrograph correspond to intersections given by the 
three hexahedral planes, four octahedral planes, six dodecahedron planes, and so 
on, and evaluating, with the accuracy of some degrees, the orientation of the polished 
surface in relation to these crystallographic planes. 

No description of this method has been published hitherto. It is founded on the 
preliminary construction, on transparent cloth, of a kind of angular protractor (or 
abacus) drawn systematically so as to evidence essentially all the possible angular 
directions, produced say by the four octahedral planes, on any plane (polished) 
surface. This preliminary work does not involve so much labor as might be supposed. 
As a matter of fact, on account of the symmetry of the isometric system, all possible 
angular configurations which are obtained on a polished surface (the stereographic 
pole of which is X) from the octahedral planes are obtained, if X is allowed to occupy 
varying positions inside an area on the stereographic projection, which is limited by 
four great circles: two of them passing through the poles (100) and (001) (a straight 
line when, as generally, the pole of (001) coincides with the center) and through 
(100) and (111) respectively, the other two passing through (010) and (001) (a 
straight line) and through (010) and (111) respectively. 
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The arbitrary position of X inside this elementary area may be obtained from 
two variables a and 8, a being the angle between the great circle (010) X (010) and 
the great circle (010) (001) (010), and 8 that between the great circle (100) X (100) 
and (100) (001) (100). 

Further, allotting to a, say, the six values 0°, 9°, 18°, 27°, 36° and 45°, and likewise 
to B, 36 X-points are obtained regularly distributed in the elementary area. Con- 
structing then the angular configurations for these 36 points, which may be made by 
calculation or, more conveniently, by a graphical method—only 21 are necessary to 
evaluate, the other being merely mirror images—a synopsis is obtained, showing 
every type of angular configuration formed on a polished surface X by the inter- 
section of the octahedron planes. 
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As an illustration of the use of this method, the angular measurement on the top 
surface of the specimen Fig. 3 are reproduced in the angular characteristic Fig. lla. 
Examining this with the protractor (or abacus) just described, as constructed for 
the octahedral surfaces, it is found to come rather near to the characteristic for 
a= 27°, 8 = 18° and also to that for a = 36°, 8 = 18°; hence by interpolation the 
polished surface may be considered to correspond approximately to the point X, 
given by a = 30° and B = 18° (or by a point similarly situated in any of the similar 
neighboring elementary areas). 

; Further, the angular characteristic Fig. 11b is obtained for the front surface of 
Fig. 3. This is found to correspond to a point X2 given by a = 45°, B = about 


42°; the presence of three intersection lines only is peculiar for all polished surfaces 
(X) situated in the zones (111) (110). 
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Transporting the X; value into an adjacent elementary area, and measuring its 
angular distance to X» (using the stereographic protractor designed by 8. L. Penfield), 
an angle of about 89° is obtained. 

In a similar way, the twin bands on the top surface of Fig. 7 are found to correspond 
quite closely to octahedron surfaces (a = 9°, 8 = 36°); the internal twins, or triplets, 
similarly correspond to octahedral surfaces of a crystal in a twinned position. 

Thus, within the precision of these measurements, the results so far obtained 
are in a very satisfactory accord with the results obtained in the paper, in a more 
elaborate way. 

Further, drawing the angular characteristic of the’ photomicrograph Fig. 5 for 
copper, Fig. lle is obtained. This angular configuration seems scarcely obtainable 
from primary octahedral surfaces only. As a matter of, fact, the three directions 
marked O do coincide with octahedral planes (X¥ being a point a = 45°, B = 27°). 
On the contrary, the directions marked h differ decidedly from any possible section 
given by the primary octahedron. They actually coincide rather closely with the 
sections of the corresponding hexahedron, as was established by the use of a similar 
protractor, constructed for the hexahedral surfaces. This question, however, was 
not thoroughly analyzed; it does not seem excluded that the two directions h, h may 
not belong also to a secondary twin. 

The angular characteristic of the other photomicrograph Fig. 6, for brass, is 
reproduced in Fig. 1ld. The three or four directions in this case are not obtainable 
as sections given by a single octahedron crystal. The only coincidences to be obtained 
with the protractor are for the diameters marked O, which are at right angles corre- 
sponding to a = 0°, B = 0 (i. e. X belonging to a hexahedric surface). The other 
directions seem to correspond rather well—no actual construction being made—to 
secondary twins. These probably may be considered as twins of an adjacent grain, 
occupying itself a twin position to the first. 

This short analysis lends support to the conclusion drawn by the authors. 

The essential problem still to be more closely examined seems to be the question 
regarding the mutual orientation of the crystal grains. It seems probable, from the 
foregoing, that some adjacent grains in annealed copper or brass may be orientated 
according to the octahedral twinning rule, and it does scarcely appear excluded, that 
most grains remaining after a prolonged annealing may be orientated in this way. 


A. J. Patiures (written discussion).—Mr. Pilling has called attention to a very 
interesting method of developing preferred orientations in copper. While I believe 
that a complete understanding of phenomena such as this is of great importance, at 
the present time our fundamental knowledge of the deformational and annealing 
characteristics of even simply stressed single crystals is so far from complete that one 
can do little more than guess at the explanations of these more involved cases, 

Professor McKeehan’s thoughtful suggestion regarding interatomic forces merits 
the special attention of students of atom structure. A brief study of the atomic 
adjustments that must take place during twinning makes it apparent that the effective 
field of force of an atom is not of equal intensity in all directions. 

Dr. Elam has called attention to the fact that certain pairs of trapezohedral planes 
are separated by an angle of 70.5°. She has neglected to note that with any particular 
trapezohedral plane there is only one other similar plane that makes this angle. My 
measurements show that with any particular twin band all the other twin bands (as 
many as three) make dihedral angles of 70.5°, a condition that is unique for octahedral 
planes. The cubic axis marked [001] in Fig. 6 was determined from the locations of 
the various twin markings and I can see no objection to this procedure since it was 
demonstrated prior to locating the cubic axis that the markings occupied octahedral 
planes. I believe that the following is the only tacit assumption made: if, in a simple 


444, TWINNING IN COPPER AND BRASS 


crystal lattice, four similar planes are so located that all possible dihedral angles 
between them have the value of 70° 31’ 44” (or its supplement) they are octahedral 
planes. The whole science of crystallography was dependent on this and similar 
assumptions prior to the discovery that X-rays could be used to determine 
crystal lattices. 

Dr. Elam condemns the correlating of twin-band markings on two surfaces unless 
they have been matched up by actual observation. It should be noted that in all of 
our experiments at least two sets of twin bands were matched up by tracing them from 
one prepared surface on to the other. However, if all unassociated traces lying in 
the two prepared surfaces are always found to lie in planes bearing an octahedral 
relationship to the two precisely determined planes, it seems justifiable to associate 
those pairs of traces which, taken together, will definitely locate an octahedral plane. 

When this work was started a mathematical solution of the problem, such as 
suggested by Professor Lane, was attempted. A formula was deduced before it was 
realized that the peculiar angular configuration of any associated set of markings may 
be afforded in many cases by two or more different orientations. Of course, it is not 
necessary to determine orientations to prove that twin bands occupy octahedral planes 
but, to prove the twinning law by an analysis of the location of ‘‘internal twin bands, ”’ 
it was found necessary to know the orientation of the prevailing crystal. 

Professor Benedicks’ surprisingly simple method of attacking the problem is 
practically the same as that suggested by Professor Lane except that it is graphical 
instead of mathematical. It should be noticed that this method, like the mathemati- 
cal one, does not determine orientations and, as a result, it fails when applied to the 
analysis of ‘‘internal twin bands.” 

With his usual acumen, Professor Benedicks has pointed out that the appearance 
of second-generation twin bands upon annealing indicates ‘‘that some adjacent 
grains . . . may be orientated according to the octahedral twinning law . . .” In 
the near future we hope to offer a demonstration that very many of the crystals, in 
those metals which commonly twin, bear a computable relationship to one another 
through multiple internal twinning. 
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Twinning in Beryllium, Magnesium, Zinc and Cadmium* 


By C. H. Matuewson,t New Haven, Conn., ann A. J. Puruvips,t 
WATERBURY, CONN. ¥ 


(New York Meeting, February, 1928) 
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BERYLLIUM, magnesium, zinc and cadmium, together with mercury, 
constitute a coherent sub-group of the periodic system and these metals, 
excepting mercury, have been studied in sufficient detail by the new X-ray 
diffraction methods to prove their common adherence to the hexagonal 
close-packed type of crystal structure with a progressive increase in axial 
ratio as we pass through the group from beryllium to cadmium. The 
first four columns of Table 1 summarize the data on crystal structure of 


these metals reported in the International Critical Tables.! 


The last 


two columns are based on results obtained in the present investigation. 


TaBLe 1.—Lattice Constants and Twinning Law of the Be-Cd Group of 
Hexagonal Metals 


| oars Unit | Bee Description of Twinning 
* Element — i 7 = = — 
| ae | °° | (c?/a°) | eoeperiion ret 
Beryllium........ 2.283) | 3.607 | 1.58 {1012 
eter od Fo) ee | 1.62c Ho } Probably | {1012} 
TiNG.. 2.0 52..+.--| 2-65e || 4.94 cay | 1.86) {1012} {1012 
g Cadmium A cae | 2.98 | 5.63 | 1.880) | {1012} | Probably 1 {1012} 


| | 
Twinning has often been observed in zinc and cadmium. The general 
aspects of this twinning are abundantly illustrated by photomicrographs, 


diagrams, etc., 


in the papers by Romig, and Mathewson and Phillips 


reported to this Institute in 1927.” A determination of the composition 


* From a part of a dissertation to be presented by A. J. Phillips to the Faculty of 
the Graduate School of Yale University in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 

+ Professor of Metallurgy, Yale University. 

t Metallurgist, Scovill Mfg. Co. 

1 International Critical Tables, 1st Ed., 340-341 (1926). 

20, E. Romig: Preparation of Metallic Single Crystals and Twinning in Zine and 


Zinc Single Crystals. 
son and A. J. Phillips: 
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Proc. Inst. Metals Div., A. I. M. E. (1927) 90; C. H. Mathew- 
Plastic Deformation of Coarse-grained Zinc. 


Ibid., 143. 
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plane and twinning axis by crystallographic observations on large single 
crystals was given in the paper by Mathewson and Phillips. Twinning 
was found to occur in a true crystallographic sense along planes of 
form {1012}. This was confirmed by X-ray measurements made 
by McKeehan and Bozorth and reported in an appendix to the 
above paper.? 

Although axial ratios of beryllium, magnesium and cadmium have been 
reported in the literature of crystallography‘ (in very close agreement with 
the newer X-ray results in the first two cases, but quite at variance with 
these results in the latter case), we can find no record that a twinning law 
has been determined in the case of any of these metals. 


Twin Banrvs IN DEFORMED METALS 


For this reason and in view of the important bearing of crystallographic 
twinning upon the processes of plastic deformation and recrystallization, 
we have made a careful examination of the twin lamellae which appear in 
these metals when they are deformed. 

Some preliminary experiments with cadmium convinced us that we 
could not readily obtain large single crystals by the method of straining 
and annealing previously used in the case of zinc. Anticipating further 
difficulties with beryllium and magnesium, we decided to rely upon such 
crystals as could be obtained in the cast form by slow cooling. 

Preparations obtained in this manner were cut so as to expose two 
surfaces at right angles to one another and searched for crystals simul- 
taneously appearing on both surfaces. When a number of suitable 
crystals were found the samples were slightly deformed by pressure and 
then repolished in an attempt to produce a number of twin bands in a 
given crystal which could be clearly traced across the edge from one 
exposed surface to the other. Naturally, several attempts had to be 
made before a sufficient number of properly located twin bands were 
made available for angular measurements under the microscope. In this 
connection, we found that twin lamellae produced by pressure between the 
jaws of a vise vary considerably in size and number, depending on the 
purity of the metal. Small and closely intermeshed lamellae were 
plentifully formed in the soft pure metals close to the point of application 
of the stress. In order to distribute the stress more uniformly through 
the body of the metal, thereby causing relatively large lamellae to appear, 
it was often necessary to stiffen the metal by alloying. Thus we used in 
the final experiments a sample of beryllium containing 14 per cent. of iron 
as received from the Beryllium Corporation of America, magnesium to 


ee 
3 Ibid., 187. 
*P. Groth: Chem. Kristallographie (1906, Pt. 1) 8, 10. 
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which approximately 1 per cent. of cadmium had been added and ead- 
mium alloyed with approximately 14 per cent. of zine. 

Measurement of the angles between two sets of related twin bands and 
the edge of the specimen on both exposed surfaces would obviously permit 
a calculation of the angular distance between the two twinning planes. 
This process was elaborated by extending the measurements to include 
the maximum number of twin bands that could be found in any one 
crystal of the group under examination. It js perhaps superfluous to 
remark that the number always fell somewhat short of the theoretical 
limit of six sets, corresponding to twelve angles, in any single form of 


7040 


S720. 110 
» 
» 
Nal 
yy 
- Ovo , 
o77e & 77220 o2//2 /100 
O70/2 
OHO 77240 O2//4 ova 
o//2 0 O//e2 
1270 72/20 /2/4O 00007 O24 0/2/72 J 2/0 
/70Z0 Oo/72 
47 0/ 2/7/20 OWi£ Oo//7/ 
O*42. 
2/7/20 OWMBE ) 


/700 


Fic. 1.—SrTerREoGRAPHIC PROJECTION OF IMPORTANT PLANES IN THE HEXAGONAL 
CLOSE-PACKED LATTICE (C/A = 1.633). 


pyramidal twinning. It so happened that a total of 10 of the 12 possible 
angles were measured on each of the three crystals selected for this work. 
The angular relationships between the various planes and the general 
significance of the experimental data are best revealed by making use of 
the stereographic projection, as will be seen in the ensuing discussion. 
As an introduction to the main experiments with beryllium, magnesium 
and cadmium, we have summarized in Table 2 the angles between the 
more important planes of the hexagonal close-packed lattice, correspond- 
ing to the several axial ratios under consideration. | Ae 
A stereographic projection of the planes listed in Table 2 is given in 
Fig. 1, assuming an axial ratio corresponding to hexagonal close packing 


of spheres; viz., 1.633. 


. 
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MEASUREMENTS ON BERYLLIUM CRYSTALS 


A sketch showing the 10 angles measured on one of our beryllium 
crystals is given in Fig. 2. It will be observed that only two pairs of 
lines, representing twin bands, a-a’ and b-b’, are connected across the line 
marked ‘‘edge”’ in this figure. These were the only bands which could 
be matched by direct observation under the microscope. Similar 
relationships between the bands d-d’ on the one hand and e-e’ on the other 
were recognized during the subsequent analysis of the data. ee 

In the stereographic projection, Fig. 3, the equatorial plane coincides 
with the horizontal plane (top) in Fig. 2 and the diameter marked “edge” 


Bery//1 ita AIOA 2. 


Fig. 2.—ANGLES BETWEEN TWIN BANDS AND THE EDGE OF A BERYLLIUM CRYSTAL 
MEASURED IN TWO PLANES AT RIGHT ANGLES TO ONE ANOTHER. 


represents the trace of the front vertical plane. The circles A, B, D, and 
E represent the poles of the planes aa’, bb’, dd’ and ee’, respectively, of 
Fig. 2. The diameters F and C represent vertical great circles along which 
the poles of the planes f and c, which could only be measured on one 
surface, must be located. The following conclusions may be drawn from 
Vig3% 

(1) The angles between any two poles A, B, D, and # correspond within 
a degree or two to the angles between planes of form {1012} listed in 
column 3 of Table 2, indicating that the twin lamellae are parallel to 
these planes. 

(2) The validity of the above conclusion may be proved beyond ques- 
tion by carrying out a further constructon; viz., assume pole E to repre- 
sent the exact location of one plane of form {1012}. Locate the best 
average position of the hexagonal axis at (0001) by estimating the true 
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point of intersection of four small circles constructed around the four 
poles A, B, D, and E at a radial distance of 42° 22’ (the angle between 
planes of form {0001} and {1012} as shown in column 3 of Table 2). 
On a small circle of this radius with pole at O and Easa starting point, 
the poles of successive planes of form {1012} are encountered at inter- 
vals of 39° 23’ at the points marked Y. The earlier conclusion is verified 
by the close correspondence between the theoretical locations and the 
four observed poles and further by the fact that,the two additional poles 


TaBLe 2.—Interplanar Angles in the Hexagonal Close-packed Lattice for 
Axial Ratios Corresponding to Be; Mg, Zn, and Cd 
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occur on or very close to the diameters C and F, thus identifying the 
entire group of observed planes as the six possible twinning planes of 
form {1012}. 

Observations made on two additional beryllium crystals gave similar 
results in somewhat less complete form owing to the smaller number of 
twin bands present in each case. 


ANGLES MEASURED ON MAGNESIUM AND CADMIUM CRYSTALS 


The angles measured on one of the magnesium crystals are shown in 
Fig. 4, and the corresponding projection in Fig. 5. As in the case of 
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beryllium, all of the possible twinning planes of form {1012} are identi- 
fied. Here, the pole of the plane, f’, whose only visible trace is normal to 


Beryl/iaim SIOA2. 


Fig. 3.—STEREOGRAPHIC PROJECTION OF THE DATA OBTAINED FROM Fa. 2. 
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Fra. 4.—ANGLES BETWEEN TWIN BANDS AND THE EDGE OF A MAGNESIUM CRYSTAL 
MEASURED IN TWO PLANES AT RIGHT ANGLES TO ONE ANOTHER. 


the horizontal(top) plane of Fig. 4, falls upon the divided circle (in Fig. 5). 
Assuming that the crosses at C and B in Fig. 5, which are separated by 
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one of the possible angles between planes of form {1012}, represent the 
true locations of two poles, the theoretical locations of the other four poles 
corresponding to planes of the same form are shown by crosses in the 


4129 wyesiura (3/L3/. 


Fig. 5.—STEREOGRAPHIC PROJECTION OF THE DATA OBTAINED FROM Fa. 4. 


Fic. 6.—ANGLES BETWEEN TWIN BANDS AND THE EDGE OF A CADMIUM CRYSTAL MBAS- 
URED IN TWO PLANES AT RIGHT ANGLES TO ONE ANOTHER, 


vicinity of A, D, E, and F in good agreement with the experimental data. 
The position of the corresponding hexagonal axis is also marked. Meas- 
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urements on two additional erystals of magnesium gave equally satis- 
factory results. 

The experimental work with cadmium is illustrated in Figs. 6 and 
7. Five of the poles representing planes of form {1012} were definitely 
located in the projection. No trace of the sixth plane was seen in any 
surface under observation. The close agreement between theoretical 
and observed locations of these poles is evident on inspection of Fig. 7. 

Twin lamellae in four additional cadmium crystals were also found to 
parallel planes of form {1012}. 
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rig. 7.—STEREOGRAPHIC PROJECTION OF THE DATA OBTAINED FROM F1a. 6. 


CONCLUSION 


It may be objected that the procedure adopted in all of these experi- 
ments identifies only the plane of composition between a twin lamella 
and the parent erystal without regard to the location of an axis of twinning. 
We can only urge that the twinning law, which has been precisely Es. 
mined in the case of zine, in all probability holds for the remaining metals 
of the group, since they exhibit a marked analogy of crystal structure and 


develop twin lamellae of similar appearance® along composition planes of 
the same form. 


* We have not included photomicrographs of these structures, since they all 
correspond to the type abundantly illustrated in the papers referred to on the first 
page. 


Twinning in Ferrite 
By L. W. McKerruan,* New York, N. Y. 


(Detroit Meeting, September, 1937) 


THE occurrence of twins in large ferrite crystals, made by a new proc- 
ess, was reported in a recent note.!_ This paper describes a typical case 
of such twinning and suggests, on the basis of the observed facts, why 
smooth slip-planes are rarely observed in this metal. 


MetuHop or PREPARATION 


The material in which the crystals here dealt with were grown was 
made from 1é-in. Armco iron welding rod containing C, 0.04; S, 0.037; 
P, 0.003; Si, 0.008, and Mn, 0.02 per cent. This rod was cold drawn 
into wire about 1 mm. dia. A piece of this wire was supported verti- 
cally and was locally heated in hydrogen at atmospheric pressure to 
about 1400° C. by an alternating current (60 cycles per sec.) of about 
35 amp., passed through it between a pair of traveling contacts about 
8 cm. apart. The rate of travel for the case in hand was 12 cm. per hr. 
After some 30 cm. of the length of the wire had been heated and cooled 
in this manner the whole wire was immersed for a few seconds in dilute 
nitrie acid, not restrained by alcohol. Etching was continued until, as 
nearly as could be judged by eye, the original smooth cylindrical surface 
of the wire was no longer capable of specular reflection. 


MEASUREMENTS 


The wire in the etched state was next mounted in a goniometer of 
special form which allowed the measurement of the spherical coordinates 
of the normals to any plane surfaces left by the etching. These coordi- 
nates were most conveniently a polar distance, 9, from one direction of the 
wire axis, and an azimuth or longitude, ¢, from an arbitrary prime meri- 
dian. The region to be described more particularly is shown at a low 
magnification in Fig. 1, which gives two different views, differently 
illuminated to show the spatial relationship of a crystal occupying most 
of the part shown and of an inclusion, or rather a series of three inclusions 
suspected of being twins based on the principal crystal. 


* Bell Telephone Laboratories, Inc. 
11. W. McKeehan: Iron Crystals. Nature (1927) 119, 705. 
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As has previously been noted,” the brightest reflecting surfaces left 
by this process of etching ferrite are planes of the form {100}. From a 
point of view through which a plane of this form can reflect light into the 
eye will then be seen a nearly uniform bright surface, sensibly flat although 
in fact it consists of parallel facets at different distances from the eye and 
inclined at different angles to the original cylindrical surface. The 
individual facets are not resolved by the naked eye, and this is a real 
advantage in making the settings for @ and ¢. 

Table 1 contains the goniometric data for the principal reflections 
from the major crystal (C) and from the inclusions (C’) which show by 


Fig. 1—Two vinws oF ETCHED WIRE. AT LEFT THE PRINCIPAL CRYSTAL IS 
BRIGHTER; AT RIGHT, THE TWINS ARE BRIGHTER. A SECOND SET OF TWINS APPEARS 
NEAR THE BOTTOM. 


their simultaneous signals that they all have the same crystal axes. 
These data are plotted at the points of corresponding designation on the 
stereographic diagram, Fig. 2. The diagram is drawn on the equatorial 
plane @ = 90°, and the prime meridian, ¢ = 0°, is the half great circle 
WO. Great circles centered at X, Y and Z (full lines), and at Ae Vein 
(long dashes), show how nearly the observed reflections for each crystal 
lie at the theoretical angle (90°) from each other. There is a tendency for 
etched surfaces to lie more nearly parallel to the wire axis than they 
should. This is believed to be due to retarded attack in the deeper parts 


of etching pits. X-ray data show that no comparable lattice distortion 
really exists. 


°L. W. McKeehan: Op. cit. 
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TaBLE 1.—Goniometer Data for Fig. 2 
Each Entry is the Average of Three Settings 
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Except for one set of planes reflections were obtained from both sides of the wire. 


Plane of section, P, ¢ = 262.1°. 


Fig. 2.—STEREOGRAPHIC DIAGRAM. 


Proor or TWINNING 


If the two crystals C and C’ are twins related in the only way possible* 


to the body-centered cubic structure of ferrite, the axes ae 


Y’, Z’ should 


5 O. Miigge: Struktur und einfache Schiebungen des Hisens. Zettschr. f. anorg. 


Chem. (1922) 121, 68. 
G. D. Preston: The Formation of Twin Metallic Crystals. 


119, 600. 


Nature. (1927) 
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be derivable from the axes X, Y, Z either by rotation through 60° about 
the center of the triangle X YZ, which is a line of closest atoms and has 
the form [111], or by reflection in any one of the three planes of the form 
{211} which intersect in this line. The point R of Fig. 2 is a point so 


Tic. 3.—SECTION OF WIRE PARALLEL TO AXIS} POLISHED AND ETCHED. X 2.4. SMALL 
CIRCLE INDICATES PART OF WIRE SHOWN IN Fie. 4. 


chosen that it is the best rotation-axis for the first twinning operation just 
described. The three great circles T;, Ts, T3 are selected at 120° to each 
other as the best planes of form {211} in both erystals which intersect in 
Rk. The complete circle of dashes is drawn with pole at R and radius 


Fig. 4.—SECTION OF WIRE; POLISHED AND ETCHED, XX 100. 


54°.7; it is the circle which would, in case the data were exact, pass 
through all six of the cubic axes, three in each of the twins. How well 


the data agree with the theoretical relations between twins may be 
judged by inspection. 
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The boundaries between the twins should, of course, be planes of the 
form (2175 The positions of these planes are not easy to determine in 
the case of a cylindrical specimen so to make measurement easier the wire 
was sectioned parallel to its axis, W, polished, etched and rephotographed 
both at a low power, as in Fig. 1, and at a higher power. These photo- 
graphs are shown in Figs. 3 and 4, the part shown in Fig. 4 being shown on 


Fic. 5.—T win BOUNDARY IN FERRITE. X 100. 


Fig. 3 by a small circle. The penetration of the presumably twinned 
portion into the body of the wire is clearly evident, and Fig. 4 especially 
shows that some at least of the twin boundaries are planes, or rather that 
they have straight-line traces on the (arbitrary) plane of section. 
The plane of section was fixed by further measurements in the goniom- 
eter and is shown in Fig. 2 by the line P, the normal being at the point N. 
The three possible twinning planes cut the plane P at the points Si, So, Ss 
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which lie at 48.5°, 1.6° and 17.8°, respectively from W. This means that 
twin boundaries in the plane of section can only lie at these angles to the 
wire axis. Tig. 4 shows how nearly some of the observed boundaries fit 
this condition. The lines W-W, S.-S. and S;-S; have the orientations 
obtained from Fig. 2. It should be observed that the angles WS; and 
WSs are particularly sensitive to errors in the fixation of N. Other 
observed angles in the plane of section agree better with those predicted 
than does the angle shown in Fig. 4. It is to be concluded that the 
crystals here measured are twins in the crystallographic sense. 

There are four different ways of twinning on a given body-centered 
cubic crystal, one associated with each threefold axis (of the form [111]). 
In the cases which have been analyzed the threefold axis on which twin- 
ning actually takes place is that one which permits twinning on the {211 } 
plane most nearly containing the wire axis. So few pairs have been 
tested, however, that this coincidence may be fortuitous.4 


CoMPARISON WITH PREviouS Work 


The conditions at temperatures in the neighborhood of the Ars point 
(say 900° C.) where these twins originated are apparently much more 
favorable to the formation of large twins than are conditions at room 
temperature where even large crystals do not frequently suffer deforma- 
tion twinning, though signs of such behavior have been noted.> The 
peculiar relation of twins in a body-centered cubic structure may afford 
an explanation for the apparent absence of twinning under continued 
stresses. As we have seen it is possible in ferrite (as it is not in face- 
centered cubic metals) to have zigzag twin boundaries. Such zigzag 
boundaries on a fine enough seale would not be recognizable as twin 
boundaries and might easily suggest columnar slipping® as opposed to 
plane slipping. The coherent columns, if the behavior at room tempera- 
ture is interpreted as due to repeated twinning, would be prisms whose 
parallel elements are [111] lines and whose narrow plane faces are {211} 


‘Fig. 5 (X 100) shows another case in which the principal crystal, dark in this 
view, had the wire axis nearly in a [100] direction, A twin, bright in this view, is 
seen in which the two boundaries at the apex are of the form {211 ‘iB these being the 
planes of this form passing closest to the wire axis. The horizontal line below the 
apex appears to be the trace of a plane of form {110} in each of the crystals. This 
cannot be a twinning plane in the ordinary sense, however, since the arrangement of 
atoms on one side is not simply related to that on the other. It is perhaps. made 
up of short steps of the two twinning planes equally inclined to the {110} plane. If 
these steps exist they are not optically resolved. 

®H. O’Neill: Deformation Lines in Large and Small Crystals of Ferrite. Jnl. 
Iron Steel Inst. (1926) 113; 417. 


°G. I. Taylor and C. F. Elam: The Distortion of Iron Crystals. Proc. Roy. Soc. 
(1926) 112A, 337. 
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planes, three different planes of this type being available—each as often 
as necessary—to bound any given column. 


STABILITY OF Twin BOUNDARIES 


It has been pointed out by Preston’ that a twin boundary in ferrite 
must be the locus of some distortion, since the atom centers cannot main- 
tain unaltered intervals right up to the common plane. It was therefore 
suspected that on reheating a pair of twins to temperatures above the 
recrystallization temperature but below the A; point new crystals might 
appear at the twin boundary or that’ one of thé twins might grow at 
the expense of the other. The piece of wire described above was there- 
fore heated in vacuum at 700° C. for 3 hr. after the first set of goniometer 
measurements, and was then reexamined under the microscope. No 
change in the appearance of the boundary was detected. The photo- 
graph of the section, Fig. 4, at higher magnification, which was taken after 
this heat-treatment, shows even more clearly that the twin boundary 
remains plane under these conditions known to be favorable to crystal 
growth in strained ferrite. It is concluded that the degree of distortion 
at the twin boundary is insufficient to provide nuclei for crystal growth or 
that the adjacent crystals are too perfectly free from strain to be absorbed 
to any appreciable depth by such nuclei in the time available. 
In either case twin boundaries in ferrite are decidedly more stable than 
those in zinc where it is known that comparable treatment causes 
their effacement.*® 


DISCUSSION 


Z. Jerrries, Cleveland, O.—It is indeed very interesting to find that a body- 
centered cubic metal can twin, under certain conditions at any rate, although the 
production of what has been called Neumann bands in alpha iron has been known 
for many years and the explanation of that seems to be tied up with some sort of 
twinning arrangement, as has been worked out pretty thoroughly in England in 
the last few years. 


A. Sr. Joun, Long Island City, N. Y.—It seems to me that passing from the 
ordinary method of representing the face-centered cube to this method is exceedingly 
valuable. It brings out clearly that in the face-centered cube each atom is surrounded 
by 12 others just as near to it and to each other as they can possibly get. Hence 
there are difficulties in reducing the dimensions of a face-centered lattice by the 
occasional substitution of smaller atoms unless a compression or distortion of the 
atoms themselves takes place. In view of the present belief that an atom is like a 
miniature solar system, this is reasonable, and it is convenient to think of the atoms 
as behaving like little balloons, normally spherical but assuming other shapes when 
persuasive forces are applied. 


7G. D. Preston: Op. cit. 
8C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 


Zine. Proc. Inst. Metals Div., A. I. M. E. (1927) 143. 
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C. F. Exam, London, Eng.—I have been working out some twin structures in 
copper and aluminum. I find in the case of aluminum, that the two parts of the 
twin, on the two samples I have examined, have the same relationship to each other, 
but are not twins in the crystallographic sense of the word. The two parts appear 
to be reversed and rotated 60° on a dodecahedral plane, but in ordinary cubic crystals 
that is not a possible form of twinning. I have come to the conclusion that these 
crystals have all the appearance of twins, but are not twins at all. 

I have only examined one “twin” in copper, up to the present, but I find the 
two parts have no direct relationship. In both metals the twin boundary is not a 
crystal plane, nor has it any crystallographic relation to either crystal. 

I was very interested to find that Dr. McKeehan had very good evidence in the 
case of iron, that these were genuine twins. I think the only way to settle the question 
in other metals is to get specimens that show banding sufficiently large for both 
X-ray and external measurements. 


O. E. Harper, Minneapolis, Minn.—In the paper on twinning in ferrite, in both 
the face-centered and body-centered lattices, the author mentioned that the plane 
of slippage was the plane of highest atomic population. I would like some opinion 
with reference to whether the slippage in the plane is due to high atomic population 
or whether it is more influenced by a large interplanar distance between the planes 
of highest atomic population. 


L. W. McKergruan.—I wish first to agree with Miss Elam’s statement that in 
proving twinning X-ray analysis is sufficient but not necessary. If the parts of the 
supposedly twinned structure are so large that crystallographic methods can be 
applied to both parts, one can establish the twinning without X-rays. Facets, 
recognizable by their number and position on the sphere of reference as belonging 
to a certain family of planes, can be recognized in both the base structure and the 
“twin,” and one can then be fairly sure whether or not one part is twinned with 
respect to the other. I have, however, tried both methods and have no objection 
to the X-ray method. It is the only one possible where the crystals are so small or 
so placed that one cannot see them well. 

In regard to the last question, I cannot distinguish between high atomic population 
in each of a set of planes and great interplanar distance, because these two things 
are mathematically related, their product giving the number of atoms per unit 
volume. Whether the plane of easy slip in the case of iron is the twinning plane 
here found I am not so sure either, because the plane of easy slip is very hard to 
agree upon. Some people think that the {211} plane is the one in which slipping 
occurs, and others have a different view. 

In the case of face-centered cubic metals I am interested to hear from Miss Elam 
that what appear to be twins are not always so in reality. I have no evidence of 
my own on that point. 


_— = 


Magnesium—lIts Etching and Structure 


By H. B. Puustrer,* CLEVELAND, OHIO 


(New York Meeting, February, 1928) 


Apout 15 varieties, or modifications, of thetbest magnesium available 
were prepared and subjected to etching tests, then examined for micro- 
structure. Of the 30-odd etching reagents that »vere tried, nearly half, 
mostly ammonium salts, etched the metal satisfactorily. The surfac- 
ing and etching of magnesium is shown to be a very simple and 
quick operation. 

The density and hardness of magnesium were determined. The most 
interesting new observations relate to the finding of the hexagonal etch 
figures, the crystal laminations, and the fact that the metal is plastic, cold, 
when restrained or quickly deformed. Under slowly applied pressure 
cold metal deforms slightly, then shears to fracture without plastic flow. 

The chief structural features of magnesium are presented in two 
reduced photographs and 30 photomicrographs. 


MatTERIALS TESTED 


There are only two sources in the United States from which new 
metal can be procured: the American Magnesium Corpn. and the Dow 
Chemical Co. No pronounced structural or property differences in the 
metals from these two companies were disclosed by the work of 
this investigation. The following materials were obtained from 
- the manufacturers: 

1. Massive crystals of distilled metal (American Magnesium Corpn.). 

2. Rods of hot-extruded metal, 1-in. squares and %-in. rounds 
(American Magnesium Corpn.). 

3. Sheet magnesium, 0.005-in. thick (American Magnesium Corpn.). 

4. Cast stick metal, 13-in. dia. (Dow Chemical Co.). 

5. Magnesium-aluminum alloy, hot-rolled plate, 14-in. thick (Amer- 
ican Magnesium Corpn.). 

From these materials, were prepared: 

6. Sections from a furnace-cooled ingot made from distilled crystal. 

7. Cold-strained pieces from (6), (4) and (2). 

8. Pieces cold-squeezed to fracture from (6), (4) and (2). 

9. Hammer-struck pieces from (6), (4) and (2). 

10. Steam-hammer struck pieces from (6), (4) and (2). 

11. Sections from furnace-cooled ingot of the magnesium-alumi- 


num alloy. 
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CoMPOSITION OF THE MATERIALS 


No analyses were made for this work. The distilled crystals were 
very bright and lustrous. Since they are produced by the condensation 
of vapor rising from metal heated to less than its normal boiling point 
(1120° C.) and in vacuo, there are practically no impurities present. 
The metal is diamagnetic and of excellent appearance under the 
microscope. The manufacturers claim a purity of 99.99 per cent. for 
this material. 

The Dow stick metal is represented as 99.95 per cent. pure. 

The particular magnesium-aluminum alloy used was represented as 
containing: magnesium, 95.45 per cent.; aluminum, 4.0 per cent.; man- 
ganese, 0.4 per cent. 

In its handbook entitled “Magnesium,” the American Magnesium 
Corpn. (1923) states that the tensile strength of pure cast magnesium is 
13,000 Ib. per sq. in.; its proportional limit is 500 lb. per sq. in.; and that 
elongation and reduction of area are both 6 per cent. Extruded and 
rolled pure metal may have a tensile strength as high as 28,000 lb. per sq. 
in.; the proportional limit may be as high as 2500 lb. per sq. In., and 
elongation and reduction of area up to 8 per cent. 

The 4 per cent. aluminum alloy has a maximum tensile strength of 
about 40,000 Ib. per sq. in., proportional limit a maximum of 7500 Ib. per 
sq. in. and elongation 20 per cent. with 33 per cent. maximum reduction 
in area. 


EtcHING MaGNnrsIum 


Magnesium responds to chemical attack in a variety of ways. The 
metal is temporarily inert in solutions of hydrofluoric acid, sodium acid 
fluoride, sodium acetate, chromic anhydride and some potassium salts. 

Magnesium dissolves violently in all concentrations of aqueous 
hydrochloric acid, in many concentrations of nitric acid, and less violently 
in sulfuric acid, either dilute or concentrated. A passive resistance to 
nitric acid may be followed by violent solution. A brown stain that is 
sometimes left is one objection to nitric acid. 

The best etching seems to be produced when solution is slow and the 
evolution of gas bubbles is active but not too vigorous. This obviously 
means a general surface attack. Whenever the gas evolution is slowed 
down to a few bubbles now and then it probably means pitting and local 
corrosion. The best type of etching occurs in solutions of sodium ecar- 
bonate and bicarbonate, dilute acetic acid, tartaric acid, concentrated 
acids dissolved in aleohol or acetone, and solutions of ammonium salts. 
The permissible ranges in concentration are evidently very wide. They 
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were not accurately controlled in this work since it was neither conve 
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To the naked eye, or microscopically, there are two widely different 
effects produced by the reagents that give acceptable results. There 
is the brilliant, glossy finish typified by the attack of concentrated nitric 
acid or hydrochloric acid in acetone and there is the dull, frosted finish 
made by dilute acetic acid and many ammonium salts. 


TaBLE 1.—Fffect of Etching Reagents on Magnesium 


| 
oe | Action | G¥iy | pounds | Pi® | mended 
EUN Os concentrated sss yeas oes ci. - | yes yes .., | finely | some | no 
CIN bey ene cee 1. eStats sores |yes ° | yes" ' | finely | yes no 
COnCe UP AICONOl nae hic ha en es onde es yes good | finely | no yes 
CONG many a COLON eet ere tere sere yes good | finely | no yes 
HCl, any concentration,...........--...--| yes no some | yes no 
CONG pineal GOO) mente er ecrretae es oe yes yes finely | no yes 
CONC MINER GE LONG se yee et ie ie et a = yes yes finely | no yes 
LeU Se GUINEE acces wes dee Oia eno a: / no no no no 
IRN ec ihe elena ete a itn os Seid _yes yes fair some | no 
COME Min al CONOl Pmt eee eae ase coe yes fair fair no no 
GONG) IMEC Neen scqn a 25 ee oe | yes fair good |some | no 
Ncetieracilerr actal memset iia = | yes yes irreg, | yes no 
GH sa og Be eAR eee es Home Omenorer | yes yes broad |some | yes 
With Mitricnn acebOne,.o..4--..-5-6-- - | yes yes finely | no yes 
Tl GRO. ocho cen eos eoouE oe mor yes no poor yes no 
Oxaliciacids dilutes ese eer cna arse ors ei | yes poor | finely | yes no 
Martaric acid, Gilutes...-.222.--------=---| Yes good |good | no yes 
@hromic acid, dilute,7...-2-..-.<------.--| 20 no no no 
Wil GM AMUETI Cs CUUbC ys ese eal = ele =e = | yes no poor | yes no 
with hydrochloric, dilute, .......-...-- | yes no poor | yes no 
Ferric chloride, acid,..........--------- .| yes no no badly | no 
Ammonium chromate, dilute,.........-.-| 10 no no no 
Gl a bes ee eae tery rp ees eee no no no no 
RGBeo dibute cee fone wetne deere eS no no no no 
WENO pede, 5 22. Seine eet eee ne: no no no no 
KGGOn dilute ion aoe et se ee ee some | no no yes no 
RECO se MUM fe cy cards tenes pire ese: some | no no yes no 
WaClidilute 20. ssa 3s ees oe ent] YOR no no yes no 
IN SOG TT he een eae some | no no yes no 
INaINO; dilute: bea oo. tay. neers pes ee: | some | no no yes no 
NazCOs, any concentration,......--..----| yes yes good | no yes 
NaHCOs, any concentration,.........----| Yes yes good | no yes 
Sodium acetate, dilute,.........---+--->- no no no no 
INAOEL, dilutes a 42 eas 2 ton en ee no no no no 
INHGH We Gilute, sg... 4 dose age: no no no no 
INTE © linens cro oe oe ee eel: yes yes good | no yes 
INEIMINOS CIIGC yc re ee we yes yes good | no yes 
Ammonium sulfate,........--+---+-+-+++| YES yes good | no yes 
Ammonium carbonate, dilute,........----| yes yes good | no yes 
Ammonium acetate, dilute,.......--.---- yes yes good | no yes 
Ammonium oxalate, dilute,......-.---+-+ yes yes good | no yes 
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The glossy, burnished surface is smooth and broken by major features 
only. The grain boundaries are hair-fine and Neumann lines appear as 
phantom markings. The frosted surface is due to a detailed and more 
minute attack that discloses the laminations and etch figures in each 
crystal unit. Grossly, the surface appears striated. The striations may 
interlace and occur in three directions. Neumann lines appear boldly. 

Intermediate stages between the glossy and frosted finishes are 
present in all degrees, depending on the reagent, its concentration, and 
the time of immersion. One crystal plane etches smoothly when all 
others are rough; this is believed to be the basal plane of the hexagonal 
prism and it must, of course, occur parallel or nearly parallel to the sur- 
face of the specimen. 

A peculiar and useless type of attack results from the immersion of a 
specimen in a solution of chromic anhydride and one other acid. In this 
instance the attack localizes, presumably at inclusions or defects, and 
deep cavities are dissolved out of the metal. The gas evolution may be 
of about the right intensity. The surface of the metal about the holes 
will be entirely passive and unaffected but inside the cavities the attack 
is selective so that when the specimen has been dried the lining of the 
holes reflects light from innumerable and brilliant crystal facets. 

Table 1 gives a summary of the etching tests. The columns indicate 
whether or not there is chemical attack, if the attack is selective as to 
structural features, how grain boundaries are delineated, if pitting occurs, 
and whether the reagent is reeommended. 

In general, dilute acetic acid, ammonium salts, sodium carbonate and 
sodium bicarbonate give high relief and minute details. Tartaric acid in 
water and hydrochloric and nitric acids in aleohol or acetone give low 
relief, flat surfaces, hair-fine grain borders, little pitting and no staining 
or deep corrosion in the case of the alloy. The hexagonal fine structure 
has been seen best on specimens immersed in acetone to which enough 
concentrated sulfuric acid was added to give a normal gas evolution, 

Tur STRUCTURES 

No entirely new appearances were found. in magnesium. The 
dendrites, equiaxed grains, Neumann markings, slip zones and etch 
figures are similar to those found in other metals, especially zinc, cadmium 
and beryllium. The heavily cold-flowed zones were not studied in 
enough detail to establish the minute character of the metal. The 
laminations in the dendrites and equiaxed units are easily established 
but no tests were made to confirm whether a lamination sheet or the 
whole bundle of sheets should be considered the crystal unit. 

A piece of the crystalline mass as loosened from the distillation retort 
is shown in Fig. 1 at one-half natural size. At the base the crystals are 
small and short. About 1 in. out the crystals begin to be columnar, 
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feathery, and loosely adherent. Voids, blunt-ended suture lines and 
Neumann markings are common details. The single units are not as 
large as might appear at first glance; many interwoven and twisted 
crystal fibers make up what is a crystal strand. 

A section through the ingot that was made from the distilled crystals, 
etched with dilute acetic acid and reduced to half size, is shown in Fig. 2. 
The author had previously noted the distinctly laminated structure of 
cast pure beryllium as shown in Fig. 3 at 500 dia. magnification. The 
piece of cast berylium was etched with dilute hydrofluoric acid and 
showed the laminations and hexagonal etch-figures well because the 
basal plane of one crystal unit occurred parallel:with the surface of the 
specimen. It is seen that hexagons are pyramided, one above another. 


Fig. 1.—CrysTaLS OF  DIS- Fig. 2.—VERTICAL SECTION THROUGH FUR- 
TILLED MAGNESIUM AS TAKEN FROM NACE-COOLED INGOT MADE FROM DISTILLED 
RETORT. REDUCED ONE-HALF. CRYSTALS. ETCHED WITH DILUTE ACETIC ACID 


AND REDUCED ONE-HALF, 


A similar, although not as crowded condition, is seen in the case of 
magnesium in Fig. 4. This is a detail at 1000 dia. magnification from 
one of the center units of Fig. 2. Rows of pyramids of hexagons 
appeared everywhere on this crystal face. 

A boundary between two of the fibers of the distilled crystals is shown 
in Fig. 5 at 100 dia. Neumann markings are well developed on one of 
the crystals; somewhat more than the usual number of inclusions appear 
in both units. 

The usual grain size and shape in the hot-extruded metal is shown in 
Figs. 6, 7 and 8. All are at 100 dia. magnification. — Vig. 6 is a very 
good example of the results obtainable by etching with sodium bicar- 
bonate solution. The print given in Fig. 7 typifies the fine lines and 
low relief obtainable with concentrated nitric and acetic acids in acetone. 
The somewhat greater delineation of Neumanns and the increased 
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amount of pitting shown in Fig. 8 is characteristic of etching with 
glacial acetic acid. 

The differential etching of grain borders that sometimes gives partly 
- broad and partly fine lines is indicated in detail in Fig. 9, which is from 
the same surface as Fig. 8, but at 1500 dia. magnification. The slope 
of the laminations determines the exposure to solution and so accounts 
for the differences in boundary width. 

The usual size and contour of the grains in hot-extruded metal as 
etched with dilute acetic acid is portrayed in Fig. 10 at 250 dia. The 
surface of the grains does not show more than a rounded over fine struc- 
ture, although some markings are present. AH of the metal that was 
sectioned and examined showed abundant longitudinal streaks. Some- 
times the streaks appear to be due to small grains of which the growth 
has been inhibited by the presence of many fine inclusions. At times the 
inclusions themselves appear to constitute the streak and interrupt normal 
grain size; at times gross imperfections interrupt the physical continuity 
of the rod. Fig. 11 shows a very common condition in this stock. 

The Dow ingot had a finer dendritic structure than the furnace- 
cooled ingot from sublimed crystals. The dendrites were elongated and 
in radial position about the central axis. A section through some of the 
smaller units, cut parallel to the surface and near the outside, is shown in 
Fig. 12. The specimen was etched with sodium bicarbonate solution 
and the magnification is 100 diameters. 

The Neumann markings occur frequently in all the specimens exam- 
ined. There was no hint that resurfacing caused more markings to 
develop or that the surfacing operations caused those that were found. 
In the sublimed, cast, annealed, and slightly strained stock the Neumanns 
are clean cut and straight (Fig. 13). In heavily cold-flowed stock they 
are more thickly packed and curved (Fig. 14), sometimes short and 
blocky (Fig. 15). 

The hot-deformed pieces of ingot did not recrystallize uniformly. 
New small crystals appeared in zones, probably the zones of maximum 
movement during the deformation. Fig. 16 shows a zone of the small, 
new units between patches of unaltered stock in a dendrite of the Dow 
ingot. This surface was etched with nitric and acetic acids in acetone and 


Fig. 3.—H@EXAGONAL MOTIF OF ETCH-FIGURES IN PURE CAST BERYLLIUM. ETrcHED 


WITH HYDROFLUORIC ACID. X 500. 

Fig. 4.—Rows OF PYRAMIDS OF HEXAGONAL PLATES FROM ONE OF THE CENTRAL 
units oF Fic. 2. X 1000. B. & L., 1.9 MM. FLUORITE OBJ., 1.3 N. A., OIL IMM. 

Fig. 5..-CRYSTAL BOUNDARY IN DISTILLED CRYSTALS (Fie. 1). Ercuep wiTH 
SODIUM BICARBONATE SOLUTION. X 100. 

Fre. 6.—Hot-EXTRUDED METAL, TRANSVERSE SECTION. ErcHED WITH SODIUM 
BICARBONATE SOLUTION. X 100. 

Fic. 7.—Hot-EXTRUDED METAL, LONGITUDINAL SECTION. EXTCHED WITH NITRIC 
AND ACETIC ACIDS IN ACETONE. X 100. 

Fic. 8.—Hot-EXTRUDED METAL, TRANSVERSE SECTION. ETCHED WITH GLACIAL 


ACETIC AcID. X 100. 
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magnified 250 dia. The appearance of these zones of recrystallized metal 
was one of the more difficult structures to record satisfactorily. The 
reagents that etch roughly, as acetic acid and ammonium salts, failed to 
show the units clearly; the low-relief reagents also failed to make the 
fine grain boundaries appear distinctly. The magnification of 250 dia. 
shows the units fairly well without excluding the zonal effect of 
their occurrence. 

The cold-deformed and reheated stock underwent complete recrys- 
tallization. The results were all similar for the temperatures and times 
tried. Large and small grains appear in no apparent order. Fig. 17 
shows the glossy surface produced by the concentrated nitric acid etching 
on a piece of the ingot from sublimed crystals. This piece was cold- 
squeezed, then heated to 380° C. for 3 hr. Fig. 18 is from a piece of the 
Dow ingot that was heated to 425° C. for 3 hr. after cold squeezing. 
Fig. 19 is from another piece of the Dow ingot that was squeezed and then 
heated to 500° GC. for 30 min. The last two surfaces were etched with 
sodium bicarbonate solution. All three printsare at 100 dia. magnification. 

The magnesium foil showed only a granular texture at low magnifi- 
cations. At 1000 dia. the structure appears sharply. A fluorite objec- 
tive, 1.9 mm., 1.3 N. A., and cedar-oil gap was used for this and higher 
magnifications. Fig. 20 shows large and small grains in the magnesium 
foil at 1000 dia. after etching with sodium bicarbonate. The very fine 
texture of the material might well account for its increased strength 
and hardness. 

A limited amount of cold deformation does not appreciably alter the 
previous grain structure although a few sharp, new Neumanns may 
appear. Fig. 21 is a section normal to the compression in a piece of 
hot-extruded rod that was squeezed endwise. The specimen was etched 
with nitric and acetic acids in acetone and the magnification is 100 dia. 
A sledge-struck piece of the same rod, compressed laterally, gave the 
innumerable slip markings seen in Fig. 22. These markings are again in a 
plane normal to the compression; they are also at right angles to large 
shear fissures that opened in the metal. 

One of the most interesting observations came on examination of a 
fracture zone in the same hammer-struck piece. The metal was not 


Fic. 9.—DETAIL OF GRAIN BORDERS FROM SAME SURFACE AS Fig. 8. X 1500. 
ETCHED WITH GLACIAL ACETIC ACID. B. & L. 1.9 mM. FLUoRITE opJ., 1.3 N. Ae 
OIL IMM. 

Fig. 10.—Hov-EXTRUDED MAGNESIUM ETCHED WITH DILUTE ACETIC ACID AND A 
FINAL DIP IN BICARBONATE SOLUTION. << BAO: 

Fic. 11.—Hot-ExTRUDED MAGNESIUM, LONGITUDINAL SECTION. ETCHED WITH 
DILUTE ACETIC acip. X 100. 

Fic. 12.—SEcTION NEAR AND PARALLEL TO SURFACE OF Dow INGOT, ETCHED WITH 
SODIUM BICARBONATE SOLUTION. x 100. 

Fie. 13.—NEUMANN MARKINGS ON CRYSTAL OF Dow STICK METAL AFTER SLIGHT 
COMPRESSION. HWTCHED WITH SODIUM BICARBONATE SOLUTION. X 100. 

Frq. 14. -NEUMANNS IN CRYSTAL OF INGOT FROM SUBLIMED CRYSTALS AFTER COLD 
COMPRESSION. ETCHED WITH AMMONIUM ACETATE SOLUTION. x 100. 
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entirely severed but hung together by a section in the center. At the 
original top and bottom surfaces the metal sheared apart with hardly 
any flowing of the metal bordering on the fissure. In the center of the 
piece the flowed metal layer increased to over 0.01 in. thick. Moreover, 
at the center, the metal had flowed enough to compensate for the move- 
ment and there was no fissure. Fig. 23 shows this zone of flowed and 
sheared metal at 100 dia. after etching with nitric and acetic acids in 
acetone. The print was taken at the end of tHe open fissure. The fine 
line continuing the fissure ended shortly beyond the field of the print 
and then a section of unbroken but heavily flowed stock extended to 
where the break commenced again on the other side. At the edges of 
the piece, where movement had been least restrained, the metal was 
sheared wide open; in the center, with restraining metal all about, the 
magnesium flowed instead of rupturing. 

Following this discovery, other pieces of magnesium were deformed 
even more quickly with single blows of a large steam hammer. The 
pieces fractured much less than those struck with the sledge. They 
much resembled hot-deformed metal except that the free edges were 
serrated with sharp shear offsets. 

The laminated structure of the ordinary equiaxed grains of hot- 
extruded metal is clearly shown in Figs. 24 and 25. In Fig. 24, taken 
at 1500 dia. with the fluorite, oil-immersion objective, the small etch 
figures are granular and irregular but the laminations appear sharply. 
The surface was etched with ammonium nitrate solution. Fig. 25 is at 
2000 dia. and shows the laminations and granules less sharply; this 
surface was etched with dilute acetic acid. 


SuRFACING AND ETCHING 


The three prints, Figs. 26, 27 and 28, are included to illustrate how 
quickly and easily magnesium is prepared for microscopic study. In 
general, the metal is prepared with comparatively little effort. High- 
speed wheels, mechanical elimination of scratches and prolonged buffing 
might be used but are hardly necessary. A surface that has been filed 


Fig. 15.—HEAVY AND INTERLACING NEUMANNS IN sECTION FROM Dow INGOT, 
MORE COMPRESSED THAN IN Fic. 13. ErcHED WITH AMMONIUM ACETATE SOLUTION, 
SOO: : 

Fig. 16.—ZONE OF RECRYSTALLIZED UNITS IN HOT-DEFORMED PIECE !FRoM Dow 
Incot. ETCHED WITH NITRIC AND ACETIC ACIDS IN ACETONE. X 250. 

Fig. 17.—Piscr OF INGOT FROM SUBLIMED CRYSTALS, COLD-DEFORMED AND 
HEATED TO 380° C. FoR 3 HR. ErcHED WITH CONCENTRATED NITRIC ACID. x 100. 

Fig. 18.—Pisce or Dow INGOT, COLD-DEFORMED AND HEATED TO 425° C. ror 3 
HR. ETCHED WITH SODIUM BICARBONATE SOLUTION. X LOO. 

Fic. 19.—Pisce or Dow INGOT, COLD-DEFORMED AND HEATED TO 500° C. For 30 
MIN. ErcHED WITH SODIUM BICARBONATE SOLUTION. X 100. 

Fic. 20.—THIN SHEET MAGNESIUM. ETCHED WITH SODIUM BICARBONATE SOLU- 
TION. 1000, B. & L. 1.9 MM. FLUORITE OBJ., 1.3 N. A., OIL IMM. 
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flat needs only rubbing on emery paper and damp tripoli for a few 
seconds to prepare it for etching. Fortunately, the uniform and pitless 
etching that results with so many reagents allows the scratched surface 
to dissolve away entirely and leave the inner structure in good relief. 
Continued etching may only slightly deepen the relief and yet maintain it 
within the focal depth of the objective. 

The striated surface seen in Fig. 26 shows a longitudinal section 
through a piece of hot-extruded rod. This is 4 surface as made by filing 
with an ordinary 10-in. mill file. Imperfeetions in the metal are not 
entirely covered over by flowed metal since magnesium is rather brittle 
and chips at a free edge under a slowly moving tool. 

The effect of smoothing with emery paper and moist tripoli is seen in 
Fig. 27. The specimen was rubbed for 30 sec. on No. 1 emery paper 
followed by 30 sec. rubbing on moist tripoli spread on chamois skin 
stretched on a small board. The tripoli had been washed by suspending 
for ix consecutive l-min. periods in water before finally settling and 
thickening for use. The tripoli was used as a thick paste so that the 
specimen did not come in contact with the skin. In this print, as in the 
previous one, the inclusions and imperfections have not been covered 
over. The surface of the metal is now finely granular. The striations 
are fine and discontinuous. 

The etching is done by a simple immersion of the specimen in the 
reagent until the structure is clearly developed. Fig. 28 was photo- 
graphed after holding the previous surface in dilute acetic acid for 20 sec. 

An elapsed time of 114 min. is thus adequate to finish a filed surface. 
The time might even be reduced if desired. The three prints showing 
this preparation were from the same surface but not from the identical 
spot on the surface. 

Specimens that are finished by hand and not pressed against a rapidly 
moving pliable fabric do not become crowned, and give large areas in 
good focus. There is little annoyance from scratches when finishing 
this way. Magnesium pits so little in several of the reagents that it 
is possible to obtain good structural relief without enlarging or exagger- 
ating the imperfections. 


Fic. 21.—TRANSVERSE SECTION OF COLD-COMPRESSED HOT-EXTRUDED ROD. ETCHED 
WITH NITRIC AND ACETIC ACIDS. X 100. 

Fic. 22.—SLEDGE-STRUCK (COLD), HOT-EXTRUDED ROD, TRANSVERSE SECTION. 
ETCHED WITH SODIUM BICARBONATE SOLUTION. « 100. 

Fic. 23.—F LOWED METAL IN FRACTURE ZONE OF HAMMER STRUCK, HOT-EXTRUDED 
ROD, ETCHED WITH NITRIC AND ACETIC ACIDS IN ACETONE. < OO: 

Fic. 24.—LAMINATIONS IN GRAIN OF HOT-EXTRUDED ROD. ETcHED WITH AMMO- 
NIUM NITRATE soLuTION. X 1500. B. & L., 1.9 MM. FLUORITE OBJ, i3) No AC, Oru 


M. 
Frq. 25.—LAMINATIONS IN GRAIN OF HOT-EXTRUDED ROD. _ ETCHED WITH DILUTE 
Aaceric AcIp. >< 2000. B. & L., 1.9 MM. FLUORITE OBJ., 1.3 N. A. om IMM. 
Fiq. 26.—FILED LONGITUDINAL SURFACE OF HOT-EXTRUDED ROD. UNETCHED. 


x 100. 
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Dansity AND HARDNESS 


The specific gravity was determined by weighing pieces of from 3 to 7 
gms. weight, first in air and then in water. A very fine molybdenum wire 
of known weight and counterpoise served for the suspension when weighing 
in water. It was found that gas bubbles were liberated after a few 
seconds, although the water was freshly boiled and cooled. A check was 
then run on all of the specimens, using pure carbon tetrachloride, specific 
gravity 1.595, instead of water. The results were the same, agreeing to 
one unit in the last decimal place. The true density column is corrected 
for the temperature (22° C.) of the water and the buoyancy of air. 

The specific gravity is modified by voids, inclusions and the treatment 
of the metal. Although duplicate samples were run, there would be 
more certainty if a larger number had been averaged for each modi- 
fication of the metal. Probably six samples would have been better. 
It is worth mentioning that, on the samples tried, the specific gravity of 
the cold-deformed stock was uniformly slightly less than that of the 
cast or annealed material. In its booklet on magnesium the American 
Magnesium Corpn. states that the density of cast, extruded, rolled and 
annealed pure magnesium is 1.739 in all four instances. This uniformity 
may be open to correction on more elaborate investigation. 

The scratch hardness was determined by the Bierbaum micro- 
character manufactured by the Spencer Lens Co. of Buffalo, IN Your ne 
dependence of this hardness number on the crystal orientation is evident 
from Fig. 29, which shows a scratch on three different units in a piece of 
the Dow ingot at 200 dia. magnification. The width of the scratch 
across the middle grain may be averaged as 0.0175 mm. and across the 
other two as 0.0125 mm. each. The respective hardness numbers are 
then 32 and 63, respectively. 

The scleroscope hardness was determined with the diamond tuppet, 
therefore the numbers are on the standard scale. There is probably a 
slight loss of precision in using the scleroscope, because of the necessity of 
holding the specimen firmly, which may cause slight hardening through 


Fig. 27.—Surrace or Fic. 26 AFTER RUBBING FOR 30 sec. on No. 1 EMERY 
PAPER AND 30 SEC. ON MOIST TRIPOLI HEAPED ON CHAMOIS SKIN. UnetcHeD. X 100. 
Fic. 28.—SurFACE oF Fic. 27 AFTER ETCHING FOR 20 sEC. IN DILUTE ACETIC ACID. 


x 100. 
Fra. 29.BIERBAUM MICROCHARACTER SCRATCH ON SECTION OF Dow INGOT. 


200. 

a Fig. 30.—SECcTION FROM FURNACE-COOLED INGOT OF MAGNESIUM-ALUMINUM (4 PER 
CENT.) ALLOY. ETCHED WITH DILUTE ACETIC Worn, >< I): 

Fic. 31.—VERTICAL-LONGITUDINAL SECTION THROUGH PLATE OF HOT-ROLLED 
MAGNESIUM-ALUMINUM (4 PER CENT.) ALLOY. GRAIN BOUNDARIES IN MAGNESIUM 
MATRIX SHOW FAINTLY. ETCHED WITH 2 PER CENT. NITRIC ACIDIN ALCOHOL. X 100. 

Fic. 32.—SAME MATERIAL AND SECTION AS Fiqg. 31 BUT ETCHED WITH NITRIC 
AND ACETIC ACIDS IN ACETONE. X 1000. B. & L., 1.9 MM. FLUORITE OBJ., 11.83 IN|, Bhog 
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cold deformation. The very low elastic limit of magnesium is evident 
from the ease with which it slips and emits sound when squeezed even 
lightly. A full section from the furnace-cooled ingot from distilled 
erystals was cold-rolled with small reductions. The metal hardened 
from about 10 to over 20; the large dendrites split apart and made an 
interesting but worthless object. 


TasLE 2.—Density and Hardness of Magnesium 
| 


Materia ecm Meer eer 
Distilled crystalsea. nse Eas | L785 2) 612730 25 9-11 
LAEQOKE ROTA CAVING). 05 cn5-0050000% WED | AL eee | 8-12 
LDV Ga Meo same oeemenea co) | hee || walste 25-63 | 11-15 
Ho t-exucu cle cet. bases | eye 100 14-17 
Ingot from crystals, cold-strained,.... 1.741 | 1.736 19-22. 
Hot-extruded, cold-strained,......... EO |) ALY | 19-22 
Dow ingots hot-worked ss. cme eet iLL ee OG 63 | 12-17 
Chimvsheet see tc otro eet rae ee are | 1.740 125 19-21 
Magnesium-aluminum alloy, cast,.... 1.772 1.767 82-120 | 16-18 
rollediplate mercer eae ee ne || aL FADES 82-120 22-23 
INGWRGN FORNEAMOOE 55500 0en base dose oe | 1100 


MAGNESIUM-ALUMINUM ALLOY 


The particular alloy examined had a very much finer structure in the 
furnace-cooled ingot than the pure magnesium. The rolled plate, how- 
ever, was much coarser than the thin sheet magnesium. A section of the 
furnace-cooled ingot, etched with dilute acetic acid and magnified 10 dia., 
is shown in Fig. 30. This cast alloy has a strongly cored dendritic 
texture with a dark etching envelope about a white component (probably 
Al,»Mgs) left in the interstices. In the hot-rolled plate the interstitial 
components are dispersed throughout the solid-solution matrix which has 
recrystallized and resembles pure magnesium in its grain characteristics. 
Fig. 31 is from a vertical longitudinal section of the plate after etching 
with 2 per cent. nitric acid and magnifying 100 dia. The grain character- 
istics are not very clear at this magnification. Fig. 32 is from the same 
surface after etching with nitric and acetic acids in acetone and magni- 
fying 1000 dia. At this magnification the grain borders are prominent and 
the markings resemble those of pure magnesium. <A particle of the dark 
component is seen in one corner of the print. This component should be 
the AlsMg;-Mg solid-solution eutectic, or rich in that compound, and 
probably containing manganese. Its hardness is about 1100 on the 
microcharacter scale. 
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DISCUSSION 


H. B. Puusirer (written discussion).—Two photomicrographs (Figs. 33 and 34) 
illustrate conditions not fully covered in my paper. Fig. 33 shows the structure of a 
heavily flowed hammer-struck metal at 500 dia., after etching with acetic and nitric 
acids in acetone. The usual equiaxed grains are absent, certain zones appear to have 
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Fic. 33.—HAMMBER-STRUCK INGOT Fic. 34,—HAMMER-STRUCK INGOT 
MAGNESIUM. ETCHED WITH NITRIC AND MAGNESIUM HEATED TO 140° C. For 5 
ACETIC ACIDS IN ACETONE. NorMAL MIN. ETCHED WITH NITRIC AND ACETIC 
TYPE OF EQUIAXED GRAINS ABSENT. ACIDS IN ACETONE. LARGELY RECRYS- 
x 500. TALLIZED IN TYPICAL FINE EQUIAXED 


GRAINS. X 200. 


attempted recrystallization. Fig. 34, at 200 dia., shows the same material after heat- 
ing to 140° C. for 5 min. This places the recrystallization temperature of magnesium 
at least lower than 140° C. A limited test of the hardness gives, on the scleroscope 
scale, 23 for the original hammer-struck slab and approximately 21 for the recrystal- 
lized piece. 

J. A. Gann, Midland, Mich. (written discussion).—Mr. Pulsifer’s paper contains 
much valuable information, but we feel that he has created certain false impressions 
relative to the structure of magnesium and methods of developing it. 
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Specimens prepared according to his methods are better adapted for macro- 
structural than for microstructural examination. This is confirmed, first, by the 
statement on page 473, that the etching has entirely dissolved away the scratched 
surface, leaving the inner structure in good relief, and second, by most of his photo- 
micrographs, which are characterized by broad crystal outlines and relief surfaces. 
The broad boundaries might lead one to believe that the crystals are surrounded by a 
more or less continuous film of impurities, whereas, with most etchants and proper 
technique, it is possible to develop the true hairlined crystal outlines in this pure 
metal. Fig. 17 shows magnesium etched with concentrated nitric acid and might be 
considered an exception because of its fine delineation and apparent flatness of field. 
Figs. 35 and 36 herewith submitted clearly show, however, that concentrated nitric 
acid yields considerable relief and a macro-etch. 

An examination of Table 1 reveals the fact that the reagents used may be divided 
into two general classes: 

1. Pitting etchants such as acids in aqueous solution and neutral salts of the 
alkali metals. 

2. Non-pitting etchants such as acids in nonaqueous solution, ammonium salts, 
and sodium carbonates. 

This second group, with few exceptions, constitutes the list of recommended etch- 
ing reagents. We believe, however, that the real basis for this division is not to be 
found in the so-called “pitting” or “‘non-pitting,’’ but rather in the different character 
of the chemical activities of these etchants toward magnesium. Reagents in the 
second group are much less active than those in the first group, and dissolve the 
boundary in preference to the groundmass of the crystal. This is often desirable 
because of the bright appearance of the crystal, but may fail to reveal the whole story. 

Our experience indicates that different etchants are capable of portraying greater 
structural differences than have been shown by Mr. Pulsifer. Fig. 37 shows the 
structure at 100 dia. of a chill-cast magnesium ingot, 1 in. dia., after etching 10 sec. 
in a 2 per cent. aqueous solution of nitric acid. The metal is composed of polyhedral 
grains interspersed with a number of more or less well-defined star dendrites. The 
ghost-line banded structure in the polyhedral grains is a remnant of the dendritic 
segregation of the primary crystallization. Repolishing and etching 45 sec. with a 
5 per cent. aqueous solution of ammonium nitrate gives the structure shown in Fig. 38. 
This etching develops the same polyhedral grains traversed by the same needles, but 
gives no indication of the original dendritic crystallization. The cored structure of 
this field can be reproduced by repolishing and reetching with nitrie acid or by super 
imposing a nitric acid etch on the ammonium nitrate etch as illustrated in Figs. 39 and 
40. In Fig. 39, the nitric acid treatment was so light that a uniform etch was not 
obtained, while in Fig. 40, the etching was sufficient to bring out the dendritic erystal- 
lization. This dual treatment is not recommended, however, because of the tendency 
to deep etching. These photomicrographs have been submitted to show that this 
structure is inherent in this metal. 


Fic. 35.—CHiLu-caAst MAGNESIUM. ETCHE é c 
D.C. -CAS ‘ : CHED BY PICKLING 30 SEC. IN CONC 
TUN Ope 00: ala 
iG. Bye ery One MAGNESIUM. SAME FIELD AS Fic. 35. X 10 
Fic. 37.—CHILL-CAST MAGNESIUM. ErcH . 
F i S s y ED 10 SEC. IN 2 PER CE 
’ 100. NT. HNOs. 
ae 38.—CHILL-CAST MAGNESIUM. Etrcurep 45 sec. IN 5 PER CENT NH.NO; 
. , ; 
Fie. 39.—CHILL-CAST MAGNESIUM. ErcHep 45s 
. 39. L-CAS ‘ _ 50 SEC. IN 5 PER CENT. NH 
5sEc. IN 2 PER CENT. HNO;. X 100. ae 
Fie, 40.—CuHILL-cAst MAGNESIUM. Ercuep 45 SEC. IN 5 PERCENT. NH.NO; pr 


10 snc. IN 2 PER CENT. HNO;. > 100. ee 
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We believe that most of Mr. Pulsifer’s pitting is due to a selective etching in the 
dendritic segregation. The ease with which this structure may be developed depends 
on numerous factors, including etching selectivity, rate at which the metal is cooled, 
and purity of the metal. Hydrochloric acid often shows a few isolated spots, which on 
first glance appear to be independent of the primary crystallization. Nitric acid is 


Fig. 41.—CniLi-cast CRUDE MAGNESIUM. Ercuep 6 sxc. IN 2 PER CENT. HNO 
uy 5B i . ae 3. 


Fig. 42.—FURNACE-COOLED PURE MAGNESIU ) 
Fia. 42. ACE-COOLE TRE MAGNESIUM. E'tcHED 10 sEc. IN 2 PER CE 
HNO; X 100. hae a 
Fig. 43.—CoLpd-WORKED PARTLY RECRYS 
UB aD Pz F ECRYSTALLIZED MAGNESIUM. ErcHEp SEC 
IN 2 PER CENT. HNO;:. X 200. ee a 
Fig. 44.—SAND-CAST MAGNESIUM—8 PER CEN i J g 
a ‘ AND-CAST MAGNESIUM—8 PER CENT. ALUMINUM ALLOY. ErcHep 8 sac 
IN 2 PER CENT. HNO;:. xX 200. Sar sede 


more selective and may reveal coring. Rapid cooling and impure metal yield a very 
pronounced banded structure. This is illustrated by Fig. 41, which shows a Pte. 
old sample of crude chill-cast magnesium etched 6 sec. in 2 per cent. aqiueate nitrie 
acid, Slowly cooled pure metal similarly etched gives little to no dendritic ae ore x 
tion, Fig. 42. The amount of information thus obtained certainly ieee th i ue 
nitric acid as an etchant. aan). 
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The objection to nitric acid because of its tendency to stain is not warranted if 
proper concentrations are used. ‘Two per cent. nitric acid has been employed in a 
large proportion of our work and very little difficulty experienced. This reagent is 
likewise capable of developing clear-cut fine detail both in the pure metal and in alloys. 
Fig. 43 shows recrystallized pure magnesium, which had been cold worked previously 
by a Brinell hardness test. Fig. 44 shows a sand-cast 8 per cent. aluminum alloy. 
Both structures were developed with 2 per cent. aqueous nitric acid and reproduced at 
200 diameters. 

Although each etchant attacks magnesium in a specific manner, the more impor- 
tant structural features can be developed with a single réagent by varying the techni- 
que. The three important factors that need control are time, concentration, and 
agitation. A relatively short etch reveals the crystal boundaries and needles, while 
a longer etch brings out the orientation and indications of the primary crystallization. 
Mr. Pulsifer’s recommended reagents which we have used likewise reveal these latter 
details. It is obvious, however, that the time required to develop definite detail will 
vary with different etchants. Agitation of the specimen increases the contrast by 
promoting the attack of the grain boundaries. Swabbing retards the development 
of the cored or dendritic structure. When etching with sodium carbonate, rubbing 
is essential, as otherwise the specimen becomes covered with a film of basic salts that 
protect the metal from further attack. Increasing the concentration increases the 
rate of attack. With continued etching in concentrated reagents, the violent action 
becomes equivalent to a swabbing effect so that the etching becomes less selective and 
the evidences of dendritic segregation disappear. This has been observed both with 
acids and ammonium salts. 

Most of the above comments on etching refer to pure magnesium only. Great 
care must be exercised in attempting to apply conclusions thus obtained to magnesium 
alloys. The presence of intermetallic compounds and solid solutions introduce new 
conditions that modify the action of the different etchants. 

We have purposely refrained from applying the term ‘“‘Neumann bands” to the 
needlelike structure so characteristic of magnesium. Certain observations have been 
made which support the contention that these needles are Neumann bands. First, 
the star dendrites referred to above occur almost exclusively in chill-east metal where 
solidification stresses are greatest. These star dendrites contain more needles than 
the surrounding metal. Second, low-temperature recrystallization of slightly cold- 
worked metal containing very large needles may take place within these needles 
before any appreciable change in structure has occurred in the other portions of 
the magnesium. 

Needles are present in sand-cast, chill-cast, hot-worked, and cold-worked metal. 
Annealing cast specimens 20 hr. at 400° C. does not decrease their number. If this 
structure is due to Neumanns, it means that a sudden application of stress Is not 
required to produce them unless it be that the contractive forces during solidification 
are sufficient. The appearance of countless needles in a sample of very slowly solidi- 
fied and cooled metal is still harder to explain. The specimen used for Fig. 42 was 
cut from a mass of metal cooled in a large electrically heated furnace where a cooling 
rate of 10° C. per hr. was maintained over the range 670° to 630° C., followed by self- 
cooling to room temperature during an additional 40 hr. In contradistinction to the 
apparent ease with which certain needles are formed, we have found that quickly 
applied force does not always increase the number of needles originally present. 

The only magnesium wherein we have not observed needles is metal recrystallized 
after strenuous cold working. Needles have been seen in partly recrystallized 
magnesium, but they were so large and so situated with reference to the original 
dendritic structure that we feel they were remnants of the primary crystallization. 
Two of Mr. Pulsifer’s photomicrographs, Figs. 17 and 18, show cold-worked and 
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subsequently heated magnesium containing these needles. Perhaps the cold working 
was insufficient to secure maximum grain refinement on recrystallization. 

While these needles possess many of the characteristics of Neumann bands, a 
number of observations have been made that are not entirely consistent with the 
general conception of the term. 


A. J. Pumuirs, Waterbury, Conn.—Mr. Pulsifer says, ‘‘The Neumann markings 
oceur frequently in all the specimens examined. There was no hint that resurfacing 
caused more markings to develop or that the surfacing operations caused those that 
were found.” 

Fig. 18 shows a structure that we have commonly found in magnesium. It may 
easily be developed if the last stage of polishing is not carried far enough. When a 
specimen is polished on coarse emery, structural deformations are brought about on 
the surface layers which a superficial polish with flour emery will not remove. Upon 
etching these deformations are manifested by streaks resembling scratches but which 
consist of thousands of short parallel etch markings. Fig. 19 shows a hint of them but 
in this case the final polishing has evidently gone far enough to remove them to a 
considerable extent. 

It is possible to develop similar markings and, in fact, it is impossible to avoid their 
development in coarse-grained specimens of pure zinc and cadmium unless considerable 
time is spent in the final polishing stage, for they are formed in these metals upon very 
moderate abrasion. 

Mr. Pulsifer refers to the markings as Neumann bands. In the paper on Twinning 
in Beryllium, Magnesium, Zinc and Cadmium,! it was demonstrated that the struc- 
tural markings in magnesium occupy planes of form {1012} of the hexagonal close- 
packed lattice having an axial ratio of 1.62. From the similarity of these bands to 
mechanical twin bands in zine it was concluded that they were also mechanical twins, a 
name which is perhaps a trifle more descriptive than Neumann bands. 

I can substantiate Mr, Gann’s statement that shock is not necessary to form these 
twins for I have often formed them by slowly squeezing a specimen of coarse-grained 
magnesium ina vise. The general dimensions and extent of the bands depends both 
on the purity of the element employed and the method of straining the specimen. 
For instance, quenching a heated specimen usually produces quite long scattered 
twin bands while polishing will produce bands as short as the width of a scratch and 
so fine and closely packed that they can be resolved only at very high magnifications. 

It is interesting to note that Beilby, in his development of his amorphous theory, 
called attention to the fact that if large scratches are developed on the surface in 
polishing calcite, antimony or bismuth, these scratches disappear upon continued 
polishing with finer emery but apparently reappear upon etching. It was his theory 
that the flowing of the surface in the form of amorphous material covered up the 
scratches while etching dissolved off this amorphous surface and exposed underlying 
scratches. ‘Since it has been amply demonstrated by E. Reusch and O. Miigge that 
calcite, antimony and bismuth twin mechanically with great ease, it is probable that 
Beilby s alleged scratches were really rows of exceedingly fine parallel twin bands. I 
have often unintentionally succeeded in preparing specimens of zine that were quite 
deceiving in this respect. 
on 18h, Vee : one a which Mr. Gann brought out about the rays 
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Manganese in Non-ferrous Alloys 


By M. G. Corson,* New York, N. Y. 


(Cleveland Meeting, April, 192") 


INFORMATION regarding the use of manganese alloys has hitherto been 
incomplete and available only from widely scattered sources. This paper 
attempts a systematic description of properties and uses of alloys other 
than manganese bronze, manganin and duralumin, which are probably 
the only non-ferrous alloys associated with manganese in the minds of 
most metallurgists.? 


PROPERTIES OF MANGANESE 


Manganese can react either acid or basic; it is hard to obtain in the 
pure state; it has two different crystalline lattice structures, both of the 
cubic system, one stable above 850° C. and the other below 650° C., both 
coexisting in the intermediate range. Although the commercial product 
is hard and brittle, the pure metal seems to be ductile. In race 
Zhemchuzhny, in Russia, was able to obtain ductile manganese and draw 
it to fine wires by the simple expedient of adding about 3 per cent. copper 
to the alumino-thermic product. Copper most probably brings the sili- 
cides, aluminides, nitrides and carbides present in the commercial product 
into a much less harmful form of distribution. 

One industrial use that can be foreseen for wrought manganese articles 
is as anodes for electrolytic processes in sulfate and nitrate solutions, par- 
ticularly with high voltages. A practically insoluble skin of manganese 
peroxide is likely to form in such cases and an insoluble and strong anode 
material will be available. 


MANGANESE AS A SCAVENGER 


Because of its activity manganese might become the most efficient 
scavenger and refiner of copper, were it not for the fact that 0.01 per cent. 


* Consulting engineer. 

1For studies of the crystalline structure of manganese during the last 5 years, 
see A. Westgren and G. Phragmen: Zum Kristallban des Mangans. Zeitschr. Physik 
(1925) 33, 777; and A. J. Bradley: The Allotropy of Manganese. Phil. Mag. (1925) 
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of manganese remaining in solid solution will reduce the electric conduc- 
tivity of copper by 2.2 per cent. Nevertheless, the use of manganese for 
this purpose is possible. The writer made some laboratory tests in which 
he was able to eliminate oxygen without affecting conductivity. 

Manganese is also likely to combine with the traces of sulfur and, by 
removing these two impurities, it immediately brings the ductility and 
strength of cast copper to the inherent values of the pure metal (32,500 
+ 1,500 Ib. and 65 + 5 per cent. elongation in 2 in.). 


Tue BINARY SERIES CopPpER-MANGANESE 


Two independent investigators, Sahmen and Zhemchuzhny, working 
about the same time, came to the conclusion that the binary series copper- 
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Fic. la.—ConstiruTIONAL DIAGRAM OF THE CU-MN sBERIBS. 
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A BC, Incipient and complete melting point curves according to Zhemchuzhny 
BDC, Complete solidification curve for high-manganese alloys as traced by Sahmen 
but considered by him not to correspond to actual conditions. EF, Hypothetical 
curve of the transformation of beta-manganese to alpha as affected by the presence of 
copper. FG, Hypothetical change of a 30 per cent. manganese alloy into a MnCuy 
compound of the same crystalline type with copper. 


7°. 1 n ral 
Fig. 1b.—VARIANT OF THE CONSTITUTIONAL DIAGRAM IN THE HIGH-MANGANESE 
RANGE AS FOUND By VOLOGDINE IN 1907 (BEroRE ZHEMCHUZHNY’S INVESTIGATION) 


manganese is an example of continuous solid solubility, that is, both 
metals can substitute one for the other in their specific crystalline lattices 
atom for atom without any limitation. This is the essence of the equilib- 
rium diagram as established by Zhemchuzhny (Fig. 1a, the heavy line). 
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The data of Zhemehuzhny,? Sahmen® and Wologdine! agree on the 
copper end of the diagram but not on the manganese-rich side. Under 
these circumstances it seems very strange that the scientific world 
accepted Zhemchuzhny’s conclusions without retesting them for 18 years. 

Among the noticeably few studies of the equilibrium diagram and 
microscopic structure of the copper-manganese series are those of Bain® and 
Patterson,® who concluded that up to 30 per cent. manganese the alloys 
actually form a perfect solid solution, and beginning at this point, another 
constituent appears and increases in importance to about 90 per cent. 
manganese when it becomes the only constituent present. 

The fact that manganese is allotropic -also militates against accepting 
high-manganese alloys as representing single solid solutions. Granted 
that beta manganese, the form stable above 850° C., is identical in crystal- 
line structure with copper, the temperature of its allotropic change must be 
considerably shifted by the presence of copper and the change is bound to 
introduce the disintegration of the single phase, stable at higher temper- 
atures, into a mixture of two separate phases. This is represented hypo- 
thetically by the dotted lines GF FH in Fig. la. 


PuystcaL PROPERTIES AND INDUSTRIAL USES 


When some manganese is left in solid solution, all properties of the 
copper change in a strictly continuous way, at least up to 30 per 
cent. manganese. 

All copper-manganese alloys, up to 30 per cent., can be made 
satisfactorily in a furnace of any kind. Those made on a basic bottom and 
fully protected from the action of the fuel gases will have considerably 
higher ductility than those made in graphite or fireclay crucibles, as they 
absorb carbon in proportion to the manganese content. The former will 
show 60 + 5 per cent. elongation in 2 in. in the wrought and annealed 
state; the latter may not show more than 40 + 5 per cent. At 30 per 
cent. manganese as much as 0.20 per cent. carbon may be expected in an 
alloy made in a graphite crucible and stirred with a graphite bar. A con- 
tinuous contact with charcoal will cause an absorption of about 0.5 per 
cent. C, the alloys becoming cold short (biscuit structure). Reasonably 
pure alloys (below 0.1 per cent. carbon) roll well either hot or cold and 
draw just as well. Alloys containing up to 0.15 per cent. carbon cold 


28. Zhemchuzhny, G. Urasow and A. Rykowskow: Legierungen des Mangans 
mit Kupfer und Nickel. Zeitschr. anorg. Chem. (1908) 57, 253. 

3R. Sahmen: Uber die Legierungen des Kupfers mit Kobalt, Eisen, Mangan 
und Magnesium. Zeitschr. anorg. Chem. (1908), 57, 1. 

49. Wologdine: Alliges de Manganese et de Curve. Rev. de Met. (1907) 4, 
oe 

5 E. C. Bain: Crystal Structure of Solid Solutions. Trans. (1923) 68, 625. 

6 R. Patterson: Crystal Structure of Copper Manganese Alloys. (Abstr.) Phy. 


Rev. (1924) 23, 552. 
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roll well but do not stand heavy drawing. For cold rolling, 0.1 per cent. 
carbon should be considered as the maximum permissible. 


Hardness 


The Brinell values for the binary series were independently studied by 
Wologdine,’ Norbury,’ Zhemchuzhny® and the author. It is not so easy 
to reconcile the various data as variations are caused by not taking the 
influence of carbon into consideration. Even as little as 0.05 per cent. 
carbon may cause the formation of 0.7 per cent. of Mn;C, which 
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Fic. 2.—BrINELL HARDNESS OF THE CU-MN SERIES. 


ABCD, Hardness of wrought and annealed alloys of high purity (Zhemehuzhny) 
AFG, Hardness of rolled and thoroughly annealed alloys made in a graphite crucible 
on a large scale (Corson). EH, Hardness of forged annealed alloys according to 
Norbury. JJ, Hardness of cast and annealed specimens according to Vologdine 
(made in a gas furnace and clay crucibles). KLMN, Hardness of rolled alloys, 
quenched from 800° C. and drawn at 450° C. (Corson). 


may affect the hardness considerably should it happen to be present in a 
state of ultra-microscopical dispersion. This state is easily produced by 
quenching a rolled alloy from 800° C. and drawing at 400° to 450° for 24 
hr. Very slow cooling causes the carbide to coalesce and the hardness 
becomes more nearly normal. Curve A-B-C-D, Fig. 2, represents the 
hardness of thoroughly annealed alloys according to Zhemchuzhny and 


7S. Wologdine: Op. cit. 


8A. L. Norbury: The Hardness of Certain Copper @ Solid Solutions. Jnl. 
Inst. Met. (1923) 29, 423. 


°S. Zhemchuzhny: Op. cit. 
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was fairly well corroborated by the author’s experiments (Curve AFG). 
Curve KLMN represents the hardness of the quenched and drawn alloys 
(with not over 0.15 per cent. carbon at 30 per cent. manganese). Brinell 
hardness of 67 is fairly representative for the pure alloy of the minimum 
melting point, just as it is for the saturated wrought and annealed tin 
bronze, aluminum bronze and silicon bronze. The hardening effect of 
manganese is small in the beginning, develops the maximum effect per 
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Fic. 3.—ABC TENSILE STRENGTH OF ROLLED AND ANNEALED ALLOYS MADE ON A 
LARGE SCALE. THE ELONGATION IN 2 IN. DID NOT GO BELOW 50 PER CENT. IN THE 
RANGE AB NOR BELOW 35 PER CENT. IN THE RANGE BC (Corson). va 

A,B,C,, Yield point (0.5 per cent. elongation in 2 in.) of the rolled and ee 
750° C. alloys (Corson). DEFG, Strength of alloys quenched from 800 an co 
rolled to 50 per cent. reduction (Corson). HJIKL, Strength of alloys co d-ro e 
75 per cent. (Corson). EFG and IKL are believed to represent the eae: im 
strength due to internal cracks caused by carbide precipitation. For car oy, 
silicon-free alloys a 75 per cent. reduction would probably result in the curve I 
for ultimate tensile strength. 


unit at about 0.5 per cent. manganese and slows down to approximately 
0.7 Brinell unit per 1 per cent. at 30 per cent. manganese. The sharp 
break (B, F) near 30 per cent. and the further increase in hardness beyond 
the minimum point might be explained either by the increase in carbon 
content or the formation of a compound Cu.Mn. 


Strength 


The strength of Cu-Mn alloys runs largely parallel to their Brinell 
hardness (Fig. 3.). At 30 per cent. manganese the wrought and 
annealed alloy reaches the strength of 63,000 + 3000 Ib. Quenching 
from 830° C. brings it up to 70,000 lb. 
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Cold rolling brings the hardness of the alloy at minimum melting point 
to 190 Brinell and its strength to 120,000 + 5000 lb., which figures are 
also representative for all saturated and hard-rolled solid solution alloys 
of copper base. 

The scleroscopic hardness of the minimum melting point alloy varies 
between 18 (universal hammer), as soft annealed, and 43 as cold- 
rolled, which also corresponds to the general properties of copper alloys. 
In the presence of a slight amount of carbon, one may obtain a 
scleroscopic hardness of 25 by quenching from 800° C. 


VALUABLE PROPERTIES OF COPPER-MANGANESE ALLOYS 


So far no specifie properties of the copper-manganese alloys have been 
mentioned that might make them more satisfactory than other alloys 
from the viewpoint of the engineer. Manganese shifts the annealing 
point of copper just as definitely upward as nickel, but it takes less man- 
ganese than nickel to raise the point of the incipient anneal to the same 
level. This, coupled with a greater hardening effect per unit added, 
makes copper-manganese alloys a desirable material for steam turbine 
blades working in moderate temperature ranges. 

The question arises as to where to stop the addition of manganese in 
the manufacture of turbine blade stock. Requirements of strength taken 
alone would indicate the minimum point alloy with its 400° C. of incipient 
anneal as the best choice. The requirement of good brazing qualities 
make it imperative however to drop the manganese content considerably 
and the requirement of a good resistance to the corrosive action of super- 
heated steam necessitates a change inthe same direction. It may be ques- 
tioned whether the best composition was found as the result of systematic 
experimentation; the present-day practice stops, however, at 5 per 
cent. manganese. 

Another field of copper-manganese applications is in the construction 
of locomotive fire-box plates and stays. The presence of manganese 
makes these parts immune to the effects of alternative oxidation and 
reduction caused by the flames changing from an oxygen to a carbon- 
monoxide rich condition, and just as well to the action of sulfur dioxide, 
which is easily absorbed by pure copper and its ordinary alloys. In this 
latter application the European and particularly the English practice 
stops arbitrarily at 4 per cent. manganese. 


Electrical Features of the Copper-manganese Series 


The considerable increase in the electrical resistivity of copper brought 
about by an addition of manganese was noticed long before even the solid 
solution nature of these alloys became established; manganin, as well as 
resistin, both copper-manganese alloys, came into use about 35 years ago 
in the construction of resistance coils and were practically the first 
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materials of a constant resistivity. From that time on four independent 
investigations of the electrical conductivity of the binary series!’ were 
made, one of them including alloys containing as much as 97 per cent. 
manganese. Inasmuch as small amounts of carbon and silicon do not rob 
the groundmass of the alloy of much manganese, the electric resistance 
data of all authorities agree pretty well. 

The resistivity of copper-manganese alloys increases along a slightly 
convex curve (Fig. 4) up to 40 per cent. manganese where the resistivity- 
composition ratio decreases and the curve, of an approximately hyperbolic 
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type, reaches a maximum of 138 microhms per cu. cm. at 60 per cent. 
manganese. There is accordingly a rather wide range of compositions to 
choose from when considering high resistivity alone. 

The desirable range for resistance wires is narrowed as is evident from 
the shape of the curve showing the temperature coefficient of resistivity 
of the series. The minimum temperature coefficient, of the order of two 
millionth parts per degree Centigrade, lies between 12 and 17 per cent. 


10K. Feussner and S§. Lindeck: Die elektrischen normal-Drahtwider-Stinde der 
Physikalisch-Technischen Reichsanstalt. Berlin, Phys. Reichsanst. Abh. 2. (1895) 2, 
501. 

F. M. Sebast and G. L. Gray: Electrical Resistances and Temperature Coefficients 
of Nickel-copper-chromium and of Nickel-copper-manganese Alloys. Trans. Am. 
Electrochem. Soc. (1916) 25, 569. 

Zhemchuzhny: Op. cit. 

Corson (not published). 

A. L. Norbury: Note on the Effects of Certain Elements on the Electrical 
Resistivity of Copper. Jnl. Inst. Met. (1925) 38, 91. 
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manganese, in other words it corresponds to neither the minimum melting 
point nor the maximum of resistivity. It becomes imperative, there- 
fore, to stop somewhere within the range of 45 to 70 microhms inasmuch 
as the most important prerequisite of a good resistance alloy isalow tem- 
perature coefficient of resistivity. 

The next most important property of a good resistance material is its 
resistance to oxidation and tarnishing, which are apt to reduce the active 
section of a fine wire considerably. Now it so happens that copper is 
unable to extend its protective action, even at normal temperatures, 
beyond 12 to 14 per cent. manganese which in practice reduces the 
suitable range to a rather definite composition. Slight variations of an 
advantageous nature are introduced by the presence of nickel which is 
usually added in amounts up to 4 per cent. 

Other advantageous features of copper-manganese alloys as resistance 
materials are: (a) The decrease of the temperature coefficient with the 
temperature until it becomes strictly zero at 45° C. Certain additions 
(according to Bash) shift this point down to 30° and make the alloys still 
more suitable for ordinary use. 

(b) The practical absence of any thermoelectric phenomena at the 
joints of manganin wires with copper terminals—a property eliminating 
any disturbing currents and making manganin the best resistance material 
for the most delicate electric measurements. |! 


Properties Beyond the Minimum Melting-point Composition 


It is usually believed that high-manganese alloys are brittle and this 
opinion persists in spite of the fact that Hunter was able to roll and draw 
wire (from small ingots) containing up to 60 per cent. manganese and 
Zhemchuzhny succeeded in doing the same up to 97 per cent. Mn. The 
author, while associated with the Union Carbide and Carbon Research 
Laboratories, experimented with the manufacture of rolled alloys up to 60 
per cent. on a scale and in a manner more or less duplicating plant condi- 
tions. It was found that good rollable ingots can be obtained even if the 
melting is done in a plain graphite crucible and in an atmosphere of car- 
bon monoxide (carbon plate resistor furnace) if a thin cover of a protec- 
tive flux (borax + soda + sodium fluoride) is used. This flux is made 
viscous Just before pouring by adding sand or magnesia and the melt is 
poured into an ordinary cast-iron mold. 

The rough ingots cannot be rolled successfully if the procedure suitable 
for rolling brass is used. The author found it necessary to start with a 

118. Kimura and K. Sakamaki: Electrical Resistivity and Its Temperature 
Coefficient of Manganin. Jnl. El. Lab. Japan. Rep. 114 (1922). 


M. A. Hunter and J. W. Bacon: Manganin. Jnl. Am. Electrochem. Soe. 
(1919) 36, 323. 


F. E. Bash: Manufacture and Electrical Properties of Manganin. Trans. 
(1920) 64, 261. 
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careful cold rolling reducing the ingot about 10 per cent. in 20 passes and 
annealing the stock in a muffle at 800° C. for 2 to3hr. At this stage the 
material is ready for hot rolling, which can be pushed as far as 
desired until the material can be finished by cold rolling. With alloys 
containing below 0.05 per cent. carbon, the final cold rolling can be done 
without special precautions and pushed to 75 per cent. reduction. Above 
0.05 per cent. carbon, the stock must be quenched from 800° C. to keep 
the maximum amount of carbon in solid sqlution, otherwise internal 
eracks will occur after a cold reduction of 20 per cent. and the strength 
may drop even below that of the annealed material. (See curves 
EFG and IKL in Fig. 3.) iy _ 

Again the question may be asked as to what good and profitable uses 
could the wrought alloys above 30 per cent. and to about 55 per cent. 
manganese be put? The author assumed in this connection that within 
the range of 37 to 63 atomic (31 to 59 by weight) per cent. of manganese, 
the latter might begin to exercise a protective action against oxidation by 
forming a skin or film of dioxide while the copper might still retain its 
protective power against a strictly substitutive attack by highly ionized 
acid solutions. 

Actual experiments, although too few to be conclusive, seem to 
corroborate this hypothetical assumption, at least to some extent. An 
alloy with 48 per cent. manganese does not resist hot 10 per cent. hydro- 
chloric acid but resists well the action of hot (70° C.) 20 per cent. sulfuric 
acid, particularly when chromic acid is present. It would therefore be 
rather interesting to find out if pickling and other chemical equipment 
could not be manufactured from alloys of this range. 

The description of the binary series would not be complete without 
mentioning that the low melting point of the alloys from 20 to 35 per cent. 
manganese and the strong but chemically neutral skin of oxide covering 
the surface of the molten alloy might make them suitable for die casting. 
The first feature would serve to prolong the life of the dies and the second 
to protect them from the burning in of the molten metal. Chill-cast 
alloys of this range are fairly uniform from the boundaries to the 
cores of the individual grains and possess a considerable hardness and 
impact resistance. 

Figs. 7 to 16 show the structures of copper-manganese binary alloys of 
different content and after different treatments. 


TeRNARY CoppER ALLOYS CONTAINING MANGANESE 


The study of the actual or probable properties of ternary copper- 
manganese alloys can be subdivided into three parts, namely: 

1. The influence of manganese upon the solid solubility limits of alpha 
type alloys at high and low temperatures (Standard brass, cupro- 
nickel, coinage bronze, cold workable aluminum bronze). 
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2. The maximum amount of manganese that will not introduce any 
undesirable brittle constituents into the usual industrial alloys of a duplex 
structure. (Muntz metal, gun metal, 10 per cent. aluminum bronze.) 

3. The influence of manganese upon beta alloys, particularly high- 
zine brass (40-50 per cent. zinc). 

An alpha copper-zine alloy, for instance, the regular cartridge brass, is 
undoubtedly apt to absorb considerable amounts of manganese without 
developing a duplex structure. Metallographically, manganese seems to 
act very much like a substitute for copper, so there is no doubt whatsoever 
that an alloy with 10 per cent. manganese and 30 per cent. zine will show 
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Fie. 5.—Hyporurrican RANGES OF SOLID SOLUBILITY IN TERNARY COPPER-MANGANESE 
ALLOYS AT ROOM TEMPERATURES (HEAVY LINES) AND ABOUT 800° C. (DOTTED LINES). 
Z ABC and A,BC, for Cu-Mn-Zn, DEF and D,EHF, for Cu-Mn-Sn, GHT and 
G@,HT, for Cu-Mn-Al, KL and K,L, for Cu-Mn-Si. 


in general the mechanical features of cartridge brass, probably with an 
increase in the ultimate strength and the elastic limit. A 20 per cent. 
manganese, 20 per cent. zine alloy is also very likely to represent a vari- 
ation of a 20 per cent. zine brass and to be analogous to a 20 per cent. 
nickel, 20 per cent. zinc-nickel silver. 

On the other hand it is quite improbable that an alloy with say 30 per 
cent. manganese and 25 per cent. zine might also represent an alpha solid 
solution as should be the case if manganese acted simply as a substitute 
for copper. Some kind of an obscure law exists, according to which the 
wide range solid solution series, like those of copper-manganese (also cop- 
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per-nickel), possess a minimum solvent power for a third element at some 
definite ratio between the two principal metals. And though experi- 
mental proofs are not yet sufficiently established one may imagine a group 
of curves showing the amount of the third element soluble in binary 
copper-manganese alloys at various temperatures. 

Fig. 5 shows a few such hypothetical “solubility lines” drawn by the 
author so as to present the possible behavior of the copper-manganese 
series toward zine, tin, aluminum and silicon, erespectively. 

Usually such solubility lines are more concave at room temperatures 
and much less so somewhere just below the complete solidification point. 
This causes the alpha range to widen with an increase in temperature and 
creates an opportunity to harden the alloy by a combination of a quench- 
ing and a drawing process. 

No experimental material is available with which to indicate even 
approximately those compositions in the Cu-Mn-Zn or the Cu-Mn-Sn 
systems where an amenability to heat hardening of this kind becomes 
possible. It is, however, very probable that an alloy with 35 per cent. 
manganese and 15 per cent. zinc or 5 per cent. tin, for example, will come 
within this range. 

The situation is much more definite for the copper-manganese- 
aluminum and copper-manganese-silicon series. An alloy containing 10 
per cent. manganese and 4 per cent. aluminum does not harden at all, 
but one with 15 per cent. manganese and 5 per cent. aluminum may be 
hardened to a considerable extent (160 Brinell). In the copper- 
manganese-silicon series an alloy with 8 per cent. manganese and 2.5 per 
cent. silicon may be hardened up to 100,000 sq. in. strength, 70,000 lb. 
per sq. in. yield point, 175 Brinell and 15 per cent. elongation, 7.¢., it shows 
nearly the same mechanical features as a Corson alloy with 2.5 per cent. 
nickel and 0.6 per cent. silicon. It possesses, however, a greatly inferior 
conductivity, due to the large amount of manganese and silicon remaining 
in solid solution (4 per cent. manganese + 1.5 per cent. silicon do not 
render the alloy amenable to heat-treatment). 


Manganese Bronzes 


When manganese is added to a duplex (alpha plus beta) copper alloy 
it may (just like any other third addition) either join the phases already 
existing and partake in this manner in the building up of the two different 
crystalline lattices (ternary alpha and ternary beta) or it may form a sep- 
arate phase consisting of a compound or a solid solution of some kind. As 
the formation of a copper-manganese compound is practically impossible 
and the formation of such compounds as manganese-zinc or manganese- 
tin is highly improbable with small amounts of manganese present, the 
main question is whether manganese will enter either into one of the exist- 
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ing alpha and beta solutions exclusively, or into both of them, and 
how their properties will be affected. 

For the duplex brasses, the most important industrial alloys, where 
the presence of manganese results in the highly valuable “manganese 
bronzes,” we find the following situation. (Fig. 6). A brass with 38 per 
cent. zine and 1 per cent. manganese is just beyond the saturated alpha 
phase of the binary brasses (37 per cent. Zn) and is represented by the 
point C in our diagram. It is quite possible that all manganese will, in 
this case, go into the alpha phase. Then the ternary alpha will be repre- 
sented by a point D located on the straight line BC at some distance to 
the left of the point C. 

It is just as possible that a brass with 45 per cent. zine and 1 per cent. 
manganese, represented by the point / and located just beyond the cop- 
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Fia. 6.—GRAPHICAL PRESENTATION OF MANGANESE DISTRIBUTION PROBABILITIES 
IN MANGANESE-BEARING DUPLEX BRASSES. 


per-saturated beta phase, may contain all its manganese in the beta phase. 
The ternary beta will then be represented by the point G on the straight 
line AF somewhere to the right of F. 

But it is highly improbable that all manganese of the first brass might 
go in the beta as represented by the point # on the straight line AC, nor 
might it go entirely in the alpha in the second case as represented by the 
point H on the straight line BF. So we come to the conclusion that in 
the absence of a third specifically manganese-carrying phase, the man- 
ganese of a ternary brass must be distributed in some way between the 
alpha and the beta phases. 

If heat tinting is applied under identical conditions to a binary duplex 
brass, for example one with 41 per cent. zinc, and to a complex one about 
41 per cent. Zn and 1 per cent. Mn, the second tarnishes and discolors 
pronouncedly and the microscope traces the strongest tint to the man- 
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ganese-containing beta phase of the second brass. The distribution factor 
is accordingly definitely in favor of the beta phase. This condition is 
illustrated by the distribution line J-J-K where J represents the low man- 
ganese ternary alpha, K the high-manganese ternary beta, and I the bulk 
composition of a three component duplex brass. 

All of the manganese entering the alpha phase probably remains 
attached to it in a stable manner. The rigidity of the manganese- 
bearing alpha may be increased over that of the pure alpha; the total 
improvement obtainable in this way cannot be sufficient to warrant the 
manufacture of a new alloy and much less to explain the high strength of 
the so-called ‘‘manganese bronzes.” ~— + as 

The manganese content of the beta phase of brasses undoubtedly 
represents a factor affected by the temperature, unless it is very small. 
The very fact that beta brass is always unsaturated and at higher tem- 
peratures easily dissolves additional amounts of either copper or zine, 
makes it probable that the amount of manganese (or of any other metallic 
element that is likely to dissolve in the beta phase), increases with the 
temperature. At the temperature where the beta phase is just crystal- 
lized from the molten state, one may expect it to contain considerable 
amounts of manganese in solid solution. There is plenty of experimental 
evidence to show that a 42 per cent. zinc brass with 2 per cent. manganese 
represents a uniform solid solution at a temperature of say 850°. On 
cooling, this solid solution is bound to precipitate a good deal of the alpha 
phase and very probably a certain amount of manganese as well. Part of 
this latter goes to the larger secondary grains of the alpha phase 
but another part might stay as a finely dispersed Mn-Zn compound within 
the grain boundaries of the original beta phase. It seems probable also, 
that at the usual rate of cooling taking place in a casting or forging 
exposed to air, the manganese remains in a state of submicroscopical dis- 
tribution, thus considerably increasing the strength of the beta phase. 
This was proved by the author in a 46 per cent. zinc brass containing 2 per 
cent. manganese. As cast, it had the hardness of 120 Brinell, which 
dropped, however, to 85 Brinell when the sample was slowly cooled 
in the furnace. 

The usual manganese bronze does not, however, represent a ternary 
copper-zine-manganese brass by any means. Elements, such as 
aluminum, tin, iron, sometimes nickel, enter the commercial manganese 
bronzes in considerable amounts, never less than 0.5 per cent. Each of 
these has its specific action, but at this point we are interested only in the 
combined effects of either tin or aluminum with the manganese. Con- 
sidering the accumulated facts regarding the strength relationships in 
manganese bronzes, we cannot fail to come to the conclusion that forma- 
tion of a compound such as MnAl or Mn,.Sn, dispersed in the beta phase 
must be responsible for the high strength in the absence of iron and nickel. 
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With these two present, the process is reduced to the dispersion of a mix- 
ture of aluminides and stannides of these metals in addition to those 
of manganese. : 


Fre: 7. Fie 8. 
Fie. 7.—AN ALLoy, 96 PER CENT. Cu, 4 PER CENT. MN, AS ROLLED AND ANNEALED 
At 750° C. SHows SHARPLY DEFINED ALPHA CRYSTALS, OFTEN TWINNED. X 100. 
Fre. 8.—AN ALLoy, 80 PER CENT. Cu, 20 PER CENT. MN, ROLLED AND ANNEALED 
aT 750° C. StRucTURE IS THE SAME ASIN Fia. 1, CRYSTALS ARE SLIGHTLY BLURRED, 


HOWEVER, PROBABLY BECAUSE OF THE PRESENCE OF CARBON (0.05 PER CENT. C.). 
>< 1HOKG). 


Fig. 9. Pies 10s 


Via. 9.—AN ALLOY, 72 PER CENT. Cu, 28 PER CENT. MN, AS CAST AND ANNEALED 
> ‘ mR Sy (@ -am fant r r 
FOR 2 HR. AT 800° C. CRYSTALS ARE VERY LARGE AND STRONGLY CORED, GRAINLETS OF 
CARBIDES ARE WITHIN THE DARK CORES. X 50. 


ny : . = 
Fig. 10.—AN aAuLoy, 52 PER ceNnT. Cu, 48 prR cent. MN, AS CHILL-CAST. 
CRYSTALS VERY SMALL, EACH CONTAINING A COMPACT, DARK MNn-RICH corRE. X 100. 


Recently a strong duplex brass specifically intended for extruded 
bushings has been developed in Germany by adding silicon, in addition to 
manganese and aluminum, and so embedding hard, plainly visible 


crystals of manganese silicide within the body of a regular manganese 
bronze. 
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Conditions of the same kind probably prevail in the duplex tin and 
aluminum bronzes, and although no serious investigation has ever been 


Fig. 11. Hires2e 


Fig. 11.—AnN auuoy, 67 PER CENT. Cu, 33 PER CENT. MN, AS CHILL-CAST AND 
ANNEALED FOR 6 HR. AT 800° C. SOME OF THE CRYSTALS ARE ALREADY FULLY HOMO- 
GENIZED, OTHERS SHOW A NETWORK DUE TO CORING (0.1 PER CENT. Cpe LOO! 

Fic. 12.—Same as Fie. 11. X 500. 


Fic. 14. 


Fre. 13.—AN ALLoy, 52 PER CENT. Cu, 48 PER CENT. Mn, AS CHILL-CAST, ANNEALED 
For 6 HR. AT 800° C. AND QUENCHED. CONTAINS ().2 PER CENT. C AND 0.5 PER CENT. 


Sie e003 
Fic. 14.—Same ALLoy AS IN Fic. 13 AT A HIGHER MAGNIFICATION, A SECOND 


PHASE IS SEEN IN THE SHAPE OF BRIGHT IRREGULAR GRAINLETS, WHICH MIGHT REPRE- 
SENT CARBIDES OR SILICIDES, BUT THEIR CURVED OUTLINES SUGGEST THAT THEY MUST 
BE OF SOME OTHER MORE DUCTILE SUBSTANCE. X 500. 


undertaken of the duplex part of the first series, enough material has been 
accumulated to show the enormous influence of manganese upon the prop- 
erties of the duplex aluminum bronzes with about 10 per cent. aluminum. 
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Fre. 16. 


Fia. 15.—ANn aLuoy, 67 PER CENT. Cu, 33 PER CENT. MN, AS ROLLED, ANNEALED 
AT 800° C. AND QUENCHED. SMALL GRAINLETS ARE SEEN OF A NATURE DIFFERENT 
FROM GROUNDMASs. XX 100. 


Fig. 16.—AN ALLoy, 52 PER CENT. Cu, 48 PER CENT. MN, AS ROLLED, ANNEALED 
AT 800° C. AND QUENCHED. THE GRAINS OF THE GROUNDMASS ARE SMALLER AND THE 
SECONDARY GRAINLETS ARE MORE NUMEROUS. X 100. 


Heusler Alloys 


On the one hand the presence of about 15 per cent. manganese causes 
a considerable decrease in the maximum aluminum content entering the 
alpha phase. An alloy containing 7 per cent. aluminum plus 15 per cent. 
manganese possesses a duplex structure and will not be converted to a 
homogeneous alpha phase by a high-temperature treatment. Onthe other 
hand alloys containing slightly larger amounts of aluminum can easily be 
brought into a homogeneous beta state by raising the temperature to 750° 
or 800° C. 

Alloys containing from 7 to 11 per cent. aluminum and from 20 to 10 
per cent. manganese can be hot-rolled with the utmost ease and possess 
in a general way all mechanical properties, advantages and disadvantages 
of the duplex aluminum bronzes. They can be heat treated in the same 
way, by quenching from a high temperature and drawing at a lower one, 
and rather strong alloys with 100,000 Ib. tensile strength, 80,000 Ib. yield 
point and 10 per cent. elongation in 2 in. are so produced. With ternary 
manganese-aluminum bronzes, just as with the binary duplex aluminum 
bronzes, quenching brings the material to a state of a high hardness and 
gives it a martensitic structure. A subsequent drawing somewhere 
around 600° C. eliminates the internal stresses inherent to the martensitic 
form with its 270 Brinell and no ductility at all, and a second quenching 
produces an alloy that is strong and fairly ductile. 

When the drawing is done within 600° to 700° C. and is followed by 
quenching, certain ternary copper-manganese-aluminum alloys acquire a 
considerable magnetic permeability besides good mechanical proper- 
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ties. Alloys so heat treated are called Heusler bronzes. (Figs. 17 and 18.) 
Undoubtedly Heusler initially studied the magnetic properties exclu- 
sively, and these, though theoretically interesting, were of no practical 
use. Heusler’s further investigations resulted in the development of 
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Fic. 17.—A HEvsLER BRONZE (15 PER CENT. Mn, 10 PER CENT. AL) AS HOT-ROLLED 
AND QUENCHED FROM 800° C. THE GRAINS ARE Cu-Mn-AL BETA BRONZE IN THE 
ACICULAR STATE OF THE EUTECTOIDAL TRANSFORMATION. THIS IS IN THE MAGNETIC 
STATE. > 100. 


Fre. 18.—Same as Fic. 17, ADDITIONALLY TREATED AT 620° C, AND QUENCHED. 
THIS IS THE MAGNETIC STATE. X 100. 


Aluminum, Per Cent. 


Manganese, Per Cent. 


Frq. 19.—CoMposITION RANGE AND MAGNETIC SUSCEPTIBILITY OF HEUSLER ALLOYS 
(MANGANESE-ALUMINUM BRONZES). 


ternary alloys combining the magnetic properties with a superior strength. 
The magnetic properties of Heusler’s alloys are believed to be due to the 
presence of the compound Mn;Al, magnetic in itself and imparting its 
inherent magnetism almost completely to the beta phase of the aluminum 
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bronze. Fig. 19 reproduces the constitutional region and magnetic prop- 
erties of the Heusler alloys. With the present growth of the elec- 
trie industries, demands will undoubtedly arise, which the magnetic 
peculiarities of Heusler alloys may accurately fill. 


Manganese-aluminum Alloys 


In contrast to copper-manganese alloys, with their exceedingly wide 
range of valuable and useful compositions, the range of useful aluminum- 
manganese alloys is rather narrow. It is very difficult to dissolve manga- 
nese in aluminum unless the latter is heated about 900° to 1100° C. The 
usual method of making manganese-aluminum alloys on an industrial 
scale consists in preparing an intermediate alloy with 10 to 15 per cent. 
manganese by keeping manganese submerged in molten aluminum at a 
temperature about 1100° C. for a protracted time. Enough intermediate 
alloy is introduced into molten aluminum in amounts to yield a 
manganese content of 0.5 to 3.0 per cent. The latter figure is undoubt- 
edly the maximum which can be alloyed with aluminum without badly 
affecting its ductility. Industrially, the limit of manganese content is set 
at 2 per cent. and an alloy of this kind plus about 3 per cent. copper is used 
for castings by the U. 8S. Navy. Similar amounts of manganese (about 
1.2 to 1.5 per cent.) are used in the manufacture of commercial hard alu- 
minum, particularly, for the manufacture of cooking utensils. For high- 
grade ingot aluminum, containing below 0.5 per cent. iron, the amount of 
manganese added is about 1.5 per cent., whereas for second-grade ingots 
(with 0.8 per cent. iron, for instance), it is better to limit the manganese 
content to 1 per cent. 

The third application of manganese in amounts not exceeding 0.8 per 
cent. is in duralumin type alloys, particularly in the generally used straight 
duralumin (3 to 5 per cent. copper, 0.5 per cent. magnesium, 0.2 to 0.25 
per cent. silicon (as present in the ingot aluminum), and 0.5 to 0.8 per 
cent. manganese). This addition of manganese is a regular feature of the 
alloy “178” (regular duralumin) and of the alloy 25S” which contains 
no magnesium at all (both made by the Aluminum Co. of America). 

The effects of manganese in aluminum alloys are twofold. It always 
forms a compound Al;Mn and accordingly a unit of manganese (by 
weight) results in the formation of 2.5 units of this compound. The lat- 
ter crystallizes as a rough eutectic between the grains of pure aluminum 
or of an aluminum-base solid solution (with copper, zinc or magnesium) 
and considerably decreases the maximum size of the grain developed dur- 
ing the crystallization and the cooling of the cast ingot. In the wrought 
alloys the aluminum manganese compound acts mainly as a strengthener 
by interfering with the intergranular sip. During the annealing opera- 
tion and particularly during the high-temperature treatment (preliminary 
to quenching of duralumin type alloys), AlsMn acts as a grain growth 
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inhibitor, in this way raising the endurance and proportionality limits of 
the finished product. 

A great number of other elements can be used to replace manganese in 
its capacity of a grain growth inhibitor and intergranular strengthener. 
Iron, nickel and chromium are the most available and tractable elements 
of this kind. In fact, an aluminum-nickel alloy with 2 per cent. nickel 
forms the hard aluminum in Great Britain. There is, however, much to be 
said in favor of using manganese exclusively., Manganese is electrochem- 
ically the nearest element to aluminum, and its compounds, particularly 
the Al;Mn is probably still nearer. Therefore, an accelerated corrosion, 
due to local electric currents, is nearly absent from such hard alumi- 
num as is hardened by manganese. It is very interesting to compare 
the behavior of alloys containing about 1 per cent. iron and those con- 
taining 1 per cent. manganese, respectively on etching. The aluminide 
of iron will usually be surrounded by corrosion cavities due to local cur- 
rents. The grainlets of the manganese aluminide and the groundmass of 
aluminum around them both stay nearly intact, their mutual boundaries 
remaining sharp and clean. 

The paper by Dix and Keith” shows that up to 0.6 per cent. 
manganese the latter is soluble in solid aluminum at 630° C. On 
cooling the major part seems to precipitate within the grains in the 
shape of fine, almost submicroscopical particles. The latter seem, 
however, to be much beyond the critical size and the number of the 
particles too small to impart to the alloys a considerable hardening by 
slip inference. 


Manganese-silver Alloys 


The manganese-silver alloys are a new class, the very existence of 
which seemed improbable in the light of the scientific investigations of a 
decade ago. It was believed that manganese could not be alloyed with 
silver, and that it always formed a separate molten layer. The most 
recent investigations have proved that up to 20 per cent. (at least) 
manganese easily alloys with silver, if the alloying is done under a pro- 
tective slag and the manganese has no chance to oxidize. Up to 9 per 
cent. manganese goes into solid solution in silver and a manganese-silver 
alloy of this composition can be worked hot and cold easily; in fact, one 
could use a silver-manganese solid solution with 92.5 per cent. silver to 
replace the usual sterling silver were it not for the quick oxidation of the 
manganese at the surface of the alloy. A slight rubbing suffices to cover 
the alloy with a brownish looking film. It is possible, however, that some 
ternary alloys containing both manganese and some other element will 
prove free from this oxidation (tarnishing). 


12, H. Dix, Jr., and W. D. Keith: Equilibrium Relations in Aluminum-manga- 
nese Alloys of High Purity. Proc. Inst. Met. Div., A. I. M. E. (1927) 315. 
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Mechanically much more important are silver-manganese alloys 
containing aluminum as the ternary element. They behave as do copper 
manganese-aluminum alloys with about 15 per cent. manganese and 5 
per cent. aluminum. At a high temperature (700° to 850° C.) manganese 
and aluminum both go into the alpha solid solution. By using a process 
of heat treatment consisting of quenching from a high temperature (750° 
to 850° C.) and drawing at a much lower one (200° to 300° C.), alloys of 
60,000 lb. ultimate strength, 120 Brinell and 10 per cent. elongation in 2 
in. are produced. It seems as if these alloys are much less inclined to 
tarnish than pure or sterling silver. Unfortunately, the maximum 
amount of silver at which the hardening effect still takes place is far below 
the legal limit of 92.5 per cent. for silverware manufacture. It is possi- 
ble, however, that such alloys might find applications for other industrial 
or ornamental purposes. 


DISCUSSION 


Z. JEFFRIES, Cleveland, O.—I would like to add to the other information in the 
paper that manganese has a very important effect in the magnesium-base alloys 
which also contain aluminum. Nearly pure magnesium has a certain resistance to 
general corrosion. If aluminum is added to the magnesium the physical properties are 
very substantially improved, but corrosion resistance is very substantially impaired. 
By adding manganese to these binary alloys of magnesium and aluminum, the good 
physical properties are preserved and the good corrosion resistance of magnesium 
is also preserved, 


KE. H. Drx, Jr., and W. D. Kerru, New Kensington, Pa. (written discussion),— 
We desire to confine our discussion of this very valuable paper by Mr. Corson to 
the section that he has devoted to aluminum-manganese alloys, and particularly to 
the reference he has made to our recent paper on Equilibrium Relations in Aluminum- 
manganese Alloys of High Purity. 

It was shown in our paper that a chill-cast aluminum-manganese alloy containing 
as much as 2 per cent. manganese showed comparatively few particles of constituent 
when examined microscopically, and that a short time annealing at, say, 500° C. 
caused the appearance of fine, almost submicroscopic particles. Since the solid 
solubility was found to be probably not over 0.65 per cent., 1t was evident that the 
appearance of these particles was not caused by precipitation from solid solution 
but rather by coalescence of submicroscopie eutectic particles produced by under 
cooling during chill casting. 

The inference in Mr. Corson’s statement that ‘‘on cooling the major part seems 
to precipitate within the grains in the shape of fine, almost submicroscopical particles”’ 
is not in accord with our conclusion, At the time, we suggested the term “dispersoid” 
to describe these finely dispersed particles in anticipation that this phenomenon 
would be confused with the more familiar precipitation from solid solution. 

We would like also to express as our opinion that manganese does not always 
form the compound MnAl; in aluminum alloys, as Mr. Corson has stated, but that 
it enters much more complex constituents when other elements are present. For 
instance, we have never observed the compound MnAl; in duralumin, These obser- 
vations were expressed in our paper on Etching Characteristics of Constituents in 
Commercial Aluminum Alloys, presented before the A. 8S. T. M. last year. 


Alpha Phase Boundary of the Copper-nickel-tin System 


By Wm. B. Pricz,* Pa. B., C. G. Grant,} M.S8., anp A. J. Purmutes,t M. S., 
WATERBURY, CONN* 


(New York Meeting, February, 1928) 


ADMIRALTY nickel is a new corrosion-resisting and heat-resisting white 
metal alloy composed of 70 per cent. copper, 29 per cent. nickel and 1 
per cent. tin. It has been given the trade name “Adnic.” In 1924, 
Wm. B. Price! described this alloy and its successful use as a diaphragm 
metal. The physical properties of Adnic at ordinary and elevated tem- 
peratures were given in Mining & Metallury.? A patent® was granted on 
Adnic, April 28, 1925. 

Work was first started on this alloy during December, 1921. An 
investigation of the patent situation in this country and abroad, and also 
a search of the literature, did not reveal any work on the ternary diagram, 
copper-nickel-tin; and the only wrought copper-nickel-tin alloy found 
was that known as “ Newloy,” composed of copper, 64 per cent.; nickel, 
35 per cent.; tin, 1 per cent. This was being manufactured and sold by 
Wm. Gallimore & Sons, Ltd., Sheffield, England, for unplated spoon and 
fork stock, and first came to our attention in January, 1922. 

The preliminary work in connection with the development of Adnic 
was started by casting four binary copper-nickel alloys of the composi- 
tions shown in Table 1. Various amounts of tin were added to each of 
these mixtures, to produce the series of ternary copper-nickel-tin alloys 
also given in Table 1. A 200-gm. sample of each of these was cast by 
melting in a clay graphite crucible and allowing the melt to slowly cool 
with the furnace. 

A longitudinal section from each of these castings was polished and 
etched for examination. The castings were not homogeneous solid solu- 
tions, but showed the usual cored structure associated with cast alloys. 
However, from an examination of these sections we roughly determined 


* Chief Chemist and Metallurgist, Scovill Mfg. Co. 

+ Metallurgist, Scovill Mfg. Co. (died Jan. 27, 1928). 

t Metallurgist, Scovill Mfg. Co. 

1Wm. B. Price: General discussion, symposium on corrosion-resistant alloys. 
Proc. A. 8. T. M. (1924) 24, Pt. 2, 422. 

2 Wm. B. Price: Physical Properties of Adnic. Min. & Met. (November, 1927) 
8, 474. 

3 Wm. B. Price: U. 8. Patent No. 619773. 
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Tasie 1.—Alloys Used in Developing Adnic 


SS SS ES ee eee 


. Composition oF Binary ALLOYS 


No. Copper, Per Cent. | Nickel, Per Cent. 

A 90 | 10 

B 80 20 

@ 70 | 30 

D 60 | 40 

pe ee ee eee 
a a a a a ee Se Ee ee a 
ComposiTion or TERNARY ALLOYS 
No. Copper, Per Cent. | Nickel, Per Cent. | Tin, Per Cent. 
| 
A-1 84.5 | 9.5 | 6.0 
A-2 83.7 9.3 HAY 
A-3 82.8 9.2 8.0 
A-4 81.9 9.1 9.0 
B-1 76.0 19.0 5.0 
B=2 (pez 18.8 6.0 
B-3 74.4 18.6 O20) 
B-4 73.6 18.4 8.0 
| 

Cell 66.5 | 28.5 5.0 
(OS) 65.8 28.2 6.0 
(C3) | Ode! 27.9 ell) 
@e4 64.4 27.6 8.0 
C-5 (GB), 7 Wiles 9.0 
C-6 63.0 270) 10.0 
C-7 59.5 25.0 15.0 
C-8 56.0 24.0 20.0 
C-9 O2.0 2225 25.0 
C-10 49.0 21-0 30.0 
D-1 OURO 38.4 4.0 
=2 Sif (0) 38.0 Aw) 
D-3 56.4 Sih tel 6.0 
D-4 55.8 37.2 | TAM) 


the dividing line between the alpha and alpha plus beta solid solutions of 
copper, nickel and tin within the limits of the compositions investigated. 
The location of the alpha phase boundary is shown in Fig. 1. 

Some idea of the appearance of alloys A-4, B-4, C-3, C-7, C-8, C-9, 
C-10 and D-3, can be obtained from Figs. 2 to 9. These photomicro- 
graphs of slowly cooled melts all disclose the presence of a secondary 
constituent. Those of series C, representing alloys with a 70 to 30 copper 
nickel ratio, show the structural modifications caused by varying the 
tin content from 7 to 30 per cent. 


2% 
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TaBLE 2.—Alloys of Binary Systems Containing Varying Amounts of Tin 


Base 
Cu, Ni, Sn, A 
No |Per Cent. |Per Cent. | Per Cent. Constituents 
Cu. Ni 
159M 100 0 88.1 0 11.9 Alpha 
112M 100 0 87.5 0 12.5 Alpha 
51M 100 0 87.0 0 13.0 Alpha 
113M 100 0 86.5 0 1325, Alpha plus trace of beta 
69M 100 0 | 85.0 0 15.0 Alpha plus beta 
70M 100 | Oe S220 0 18.0 Alpha plus beta 
+ — 
60M 90 10 84.2 9.3 6.5 Alpha 
43M 90 10 83.3 9.3 7.4 Alpha 
52M 90 10 82.5 2 Bo 873 Alpha 
71M 90 10 81.9 9.> “9.0 Alpha 
160M 90 10 81.1 9.0 9.9 Alpha 
115M 90 10 81.0 9.0 10.0 Alpha plus trace of beta 
133M 90 10 80.1 8.9 11.0 Alpha plus beta 
61M 80 20 | Tse. | 18.7 6.5 Alpha 
134M 80 20 74.4 18.6 7.0 Alpha 
161M 80 20 74.2 18.5 1.3 Alpha 
116M 80 20 73.6 18.4 8.0 Alpha plus trace of beta 
78M 80 | 20 | 72.8 182 9.0 Alpha plus beta 
74M sO 80 20 72.0 18.0 | 10.0 Alpha plus beta 
54M 70 30 65.4 28.1 6.5 Alpha 
75M ie || 30 64.4 27.6 8.0 Alpha 
162M 70 30 64.2 27.0 8.3 Alpha plus trace of beta 
119M 70 30 63.7 27.3 9.0 Alpha plus beta 
| 
55M 60 40 56.6 37.7 Ded Alpha 
62M 60 40 56.1 37.4 6.5 Alpha 
85M 60 40 55.5 37.0 Tests Alpha 
103M 60 40 55.2 36.8 8.0 Alpha 
104M 60 40 54.6 36.4 9.0 Alpha 
163M 60 40 54.5 36.4 9.1 Alpha 
121M 60 40 54.0 36.0 10.0 Alpha plus trace of beta 
50 50 46.5 46.5 70 Alpha 
ae 50 50 46.2 46.2 7.6 Alpha 
94M 50 50 45.8 45.8 8.4 Alpha 
105M 50 50 45.0 45.0 10.0 Alpha 
122M 50 50 44.5 44.5 11.0 Alpha 
123M 50 50 44.0 44.0 | 12.0 ised plus beta 
109M 50 50 43.5 43.5 | 13.0 Alpha plus beta 
40 60 37.2 55.8 7 A0) Alpha 
106M 40 60 35.2 52.8 12.0 Alpha 
124M 40 60 34.8 52 22, 13.0 Alpha plus trace of beta 
110M 40 60 34.4 51.6 14.0 Alpha plus beta 
1 
70 27.3 63.7 9.0 Alpha 
OOM 3 70 26.4 61.6 12.0 Alpha 
107M 30 70 26.1 60.9 13.0 Alpha 
111M 30 70 25.8 60.2 14.0 Alpha plus trace of beta 
102M 30 70 25.5 59.5 15.0 Alpha plus beta 
0 Wie 68.8 14.0 Alpha 
ee 30 $0 17.0 68.0 15.0 Alpha plus trace of beta 
142M 20 80 16.6 66.4 17.0 Alpha plus beta 
143M 20 80 16.2 64.8 19.0 Alpha plus beta 
+1 5 15.0 | Alpha 
1aaM 10 30 3.2 738 18.0 | Alpha plus beta 
145M 10 90 8.0 72.0 20.0 Alpha plus beta 
146M 10 90 7.8 70.2 32\0 | Alpha plus beta 
5 (0) 0 85.0 Ws 00} Alpha plus trace of beta 
sea 0 100 0 80.0 20.0 Alpha plus beta 
0) 100 0 78.0 22.0 Alpha plus beta 
Ten 0 100 0 76.0 24.0 Alpha plus beta 
150M 0) 100 0 74.0 26.0 Alpha plus beta 
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In view of the many interesting solid-solution alloys disclosed by this 
preliminary investigation, it was decided to carry on a research to more 
definitely fix the alpha phase boundary of the copper-nickel-tin system. 

Since copper and nickel are completely soluble in each other in all 
proportions, even when solid, it was decided to subdivide the ternary 
diagram into eleven binary systems, of which one component was always 
pure tin and the other varied from pure copper to pure nickel in steps of 


Fic. 1—APPpROXIMATE LOCATION OF ALPHA PHASE BOUNDARY, Cu-NI-SN SYSTEM, 
AS PLOTTED FROM THE MICRO-EXAMINATION OF SLOWLY COOLED CASTINGS. 


10 per cent. Alloys of each of these binary systems containing varying 
percentages of tin (as listed in Table 2) were prepared by melting down 
100-gm. charges under charcoal in a clay graphite crucible, and then 
chill casting in a relatively heavy iron mold. The ingots so obtained were 
cut in half, providing one section for micrographie examination as cast, 
and the other for homogenizing treatment. This consisted of annealing 
at 800° C. for at least 100 hr. and then quenching actively in water. 


Fig, 2.—Atioy No. A-4. Copper 81.9 PER CENT.; NICKEL 9.1 PER CENT.; TIN 9.0 
PER CENT. ETCHED WITH FECL; + HCu. »X 75. 
Fie. 3.—Atitoy No. B-4. Copper 73.6 PER CENT.; NICKEL 18.4 PER CENT.; TIN 
8.0 PER CENT. ETcHED with FrCi; + HCu. x 75. 
Fie. 4.—Atioy No. C-3. Coppmr 65.1 PER CENT.; NICKEL 27.9 PER CENT.; TIN 
.0 PER CENT. ETcHED wit FECL; + HCnu. xX 75. 
Fig. 5.—Auioy No. C-7. Coppmr 59.5 PER CENT.; NICKEL 25.5 PER CENT.; TIN 
15.0 PER cent. ETcHED with FeCu; + HCu. X 75. 
Fig. 6.—AuLoy No. C-8. Copprr 56.0 per CENT.; NICKEL 24.0 PER CENT.; TIN 
20.0 PER CENT. EtcHEep with FECu; + HCu. x 75. 
Fig. 7.—Auioy No. C-9. Copprr 52.5 PER CENT.; NICKEL 22.5 PER CENT.; TIN 
25.0 PER CENT. Etcuep wita FeCi; + HCu. x 75. 


x 
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Figs. 2 To 7. 
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Microstructures observed in all specimens are noted in Column 7, Table 
2, and the phase boundary thus outlined is shown in Fig. 10. 


Fig. 8.—Atuoy No. C-10. Copper Fig. 9—Atioy No. D-3. Copper 
49.0 PER CENT.; NICKEL 21.0 PER CENT.; 56.4 PER CENT.; NICKEL 37.6 PER CENT.;} 
TIN 30.0 PER CENT. ETCHED WITH TIN6.0 PERCENT. ETCHED WITH FECL; 
BaG@r, Hens <os SOWECCt, Se fay 


Alloy 134M, containing 7 per cent. tin added to an 80-20 copper- 
nickel base, is illustrated in Fig. 11. Only one metallic phase is present, 


rN Ne nT ald 
& ae any. Alpha Phasy Say on EV Vise 
Cu Ne 


Fic. 10.—800° 1soTHERM OF ALPHA PHASE BOUNDARY, Cu-NI-SN SYSTEM. 


the black spots visible being very small cavities, probably formed by the 
volume change that occurred when the metastable secondary constituent 
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was absorbed by the denser alpha phase. Fig. 12 shows the same base 
alloy with 8 per cent. tin. The presence of beta in the grain boundaries 
is quite apparent. Like Fig. 11, Fig. 13 shows a single-phase alloy made 
from 50-50 copper-nickel base plus 11 per cent. tin. Fig. 14, containing 
12 per cent. tin, clearly shows beta in the grain boundaries. 

Fig. 15 represents an alloy made from a 20-80 copper-nickel base to 
which was added 14 per cent. tin, without the separation of a second 
phase. A similar base alloy but with 17 per gent. tin is shown in Fig. 16. 
The beta in this case is visible not only in the grain boundaries but also 
within the grains. This condition is brought out very distinctly by 
permitting the alpha constituent to stain in a strong ferric chloride solu- 
tion, as illustrated in Fig. 17. 

The use of charcoal as a cover for nickel alloys may be considered 
doubtful practice but a few experiments with alloys at the nickel end of the 
series, melted under a borax glass cover, demonstrated that the alpha 
phase boundary was not perceptibly influenced by small amounts of 
carbon. Analyses of the alloys were not made because there was no loss 
of any constituent in alloying, either by volatilization or by slagging. 
The weights of the cast ingot and of the original charge were almost 
always identical. 

As only a limited amount of time was available for this work, the 
single annealing temperature of 800° C. was decided upon, because it 
was the maximum temperature to which alloys at the copper end of the 
series could be subjected without danger of melting. 

Since neither the copper-tin diagram as revised by Stockdale‘ nor the 
nickel-tin diagram as determined by Voss? indicated decreasing tin solu- 
bility at lower temperatures, it was thought that the rate of cooling after 
annealing was immaterial. However, it was early found that an alloy 
of 90-10 copper-nickel base, containing 8.3 per cent. tin, showed no beta 
when quenched from 800° C. but when slowly cooled was completely 
‘““peppered”’ with a second constituent. 

These results, coupled with the knowledge that Dr. J. L. Haughton 
had suggested, in his discussion of Stockdale’s paper,® that the copper-tin 
diagram should show decreasing solubility of tin at lower temperatures, 
stimulated us to attempt to prove this. Therefore, several experiments 
were performed with a copper alloy containing 15 per cent. tin, and 
demonstrated beyond doubt that a second constituent separated from 
the alpha phase, when annealed for a long period of time at 250°C. In 
view of the fact that M. Hansen’ has recently established the same results 


4D. Stockdale: Alpha-phase Boundary in the Copper-tin System. Jnl. Inst. Met. 
(1925) 34, 111. 

5G. Voss: Die Legierungen Nickel zinn, ete. Zeitschr. anorg. Chem. (1908) 57, 38. 

6 Jnl. Inst. Met. (1925) 34, 121. . . 

7Q. Bauer and M. Hansen: Der Aufbau der Kupfer-Zinklegierungen. Zettschr. 


fiir Metall. (1927) 19, 423. 
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with a more thorough series of tests, a description of our experiments is 
not included here. 

Additions of small amounts of nickel caused the slope of the tin- 
solubility line to decrease; consequently a very active quench was neces- 
sary in the case of a 90-10 base alloy to prevent a precipitation from the 
supersaturated solid solution. With larger additions of nickel, the metal 
became more and more sluggish, so that an active quench was not impera- 
tive in the case of 70-30 base alloys. 

This condition of affairs suggested to us*that these alloys might be 
hardened in a way similar to that used for duralumin; 7. e., by quenching 
at an elevated temperature and drawing at a lower temperature. A series 
of experiments was performed to demonstrate this property. A charge 
consisting of 64.4 per cent. copper, 27.6 per cent. nickel and 8 per cent. 
tin, and weighing 2000 gm., was melted and chill cast, yielding a rod 
1 in. in diameter and 18 in. long. From it, six sections, *¢ in. thick, were 
cut and subsequently annealed for 100 hr. at 800° C. Four of the speci- 
mens were quenched, one was air-cooled and one furnace-cooled. Of the 
specimens quenched, one was reannealed or “drawn” for one hour at 400° 
C., a second at 500° C. and a third at 600°C. Table 3 gives Brinell hard- 
ness numbers for the various treated specimens. From a study of the 
microstructures of the specimens, we are convinced that a Brinell value 
even higher than 321 can be produced by an intermediate anneal between 
400° and 500° C. 

Fig. 18 illustrates the appearance of the original casting. We are not 
attempting to describe the constituents, for fear of becoming involved in 
a controversy as to the possible beta-gamma-delta transformations. 
The completely homogenized specimen is not illustrated, as its appear- 
ance is like that shown in Figs. 11, 13 or 15. The same is true of the 
air-cooled specimen. The structure of the furnace-cooled specimen is 
most interesting, and is illustrated by Fig. 19, in which it should be 
noticed that there are three different structures visible. The black araes 


Fic. 11.—Atioy 134M. Copper 74.4 PER CENT.; NICKEL 18.6 per cent.; TIN 7 
PER CENT.; ANNEALED 100 HR. AT 800° CG. AND QUENCHED. ErcHED witH CROs; 
HCu. X 100. 
E Fre. 12.—Atuoy 116M. Coprrr 73.6 PER CENT.,; NICKEL 18.4 PER CENT.; TIN 
8 pER CENT. ANNEALED 100 HR. aT 800° C. AND QUENCHED. ETcHED wItH CRO; 
HC. 100. 
cs me ee arey 122M. Coprrr 44.5 PER CENT.; NICKEL 44.5 PER CENT.; TIN 
11 per cent. ANNEALED 100 HR. aT 800° C. AND QUENCHED. HETcHED witH CrO; 
: 100. 
a ao CON 123M. Copper 44.0 PER CENT.; NICKEL 44.0 PER CENT.; TIN 
12 PER CENT. ANNEALED 100 ur. aT 800° C. AND QUENCHED. ErcHed with CrO; 
: 100. 
i: ae eee 137M. Copprer 17.2 PER CENT.; NICKEL 68.8 PER CENT.; TIN 
14 PER CENT. ANNEALED 100 HR. aT 800° C. AND QUENCHED. ETcHED WITH CRO; 
: 100. 
. a ae 142M. Copper 16.6 PER CENT.; NICKEL 66.4 PER CENT.; TIN 
2/ PER CENT, ANNEALED 100 ur. aT 800° C. AND QUENCHED. ETCHED WITH CRO; 


+ HCu. X 100. 
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appear to be caused by a heavy precipitation of secondary constituent, as 
may be ascertained from Fig. 20 and Fig. 21. The light gray areas show 
some precipitation, as is illustrated in Fig. 22. Upon casual examination, 
the white areas appeared to be relatively free from precipitate, but under 
critical conditions of illumination, a second phase could occasionally 
be detected. 

TaBLE 3.—Hardness Produced in Alloys 


Alloy No. Condition ¥ Sper eee 
173M IASICASD seprae erate ys cars cae Sched Aid ROL eee are eae ee 114 
173M1 Homogenized and quenched.?......°.........+0000005 100 
173M2 Homogenized and furnace-cooled.................... 196 
173M3 Homogemzed:and air-cooled a... 26 ss cece nn eee es 114 
173M4 | Homogenized and drawn at 400° C.................. 228 
173M5 Homogenized and drawn at 500° C.................. 321 
173M6 =| Homogenized and drawn at 600° C.................. 179 


The specimen drawn at 400° C. is not illustrated because its structure 
was not modified perceptibly by the anneal. There was a hint of broad- 


Fig. 23.—ALLoy sHOWN IN Fic. 18. Fic. 24.—Same as Fia. 23 at X 1000. 
ANNEALED 100 uR. AT 800° C. AND 
QUENCHED. DRAWN 1 HR. AT 500° C. 
ErcuHep with CRO; + HCu. X50. 


ening of the grain boundaries but it was too indefinite to be illustrated. 
Fig. 23 illustrates the appearance of the sample as ‘‘drawn”’ at 500° C. 


Fig. 17.—Same as Fic. 16 BUT ETCHED WITH FeCi;. X 100. : 

Fig. 18.—Atioy 173M. Coppsr 64.4 PER CENT.; NICKEL 27.6 PER CENT.; TIN 8 
PER CENT. CuHILL cast. ETCHED WITH CrO; + ietCie, «AO A 

Frq. 19.— ALLOY SHOWN IN Fie. 18. ANNEALED 100 HR. aT 800° C. AND FURNACE- 
cooLep. EtcHEep witH CrO; + 1EtCx,  S< GO). 

Fria. 20.—Same as Fic. 19 BUT X 750. 

Fic. 21.—A DARK AREA IN Fie. 19 at X 1000. 

Fie. 22.—A LIGHT GRAY ARBA IN Fig. 19 at X 2000. 
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Unsuccessful attempts were made to resolve the black constituent in 
the grain boundaries, as illustrated in Fig. 24. The annealing treatment 
at 600° C. gave a specimen that upon etching behaved very much like 
sorbitic steel. It seemed to smudge all over and the grain boundaries 
were not developed. Only at high powers could a rather indefinite 
structure be discerned, as illustrated by Fig. 25. 


Fic. 25.—ALLOY sHowN IN Fic. 18. ANNEALED 100 HR. AT 800° C. AND QUENCHED 
Drawn 1 ur. at 600° C. Ercuep with CrO; + HCu. > 1000. 


SUMMARY 


1. The 800° C. isotherm of the alpha phase boundary of the copper- 
nickel-tin system was determined as shown in Fig. 10. 

2. Hansen’s determination of the alpha phase boundary at low tem- 
peratures for the copper-tin system has been confirmed. 

3. A wide range of hardenable copper-nickel-tin alloys has 
been discovered. 

When starting this work, it was our intention merely to determine the 
single isotherm given in Fig. 10, but the very interesting hardenable alloys 
discovered have encouraged us to do further work and we now contem- 
plate the locating of the phase boundary over its entire range. Later, 
we hope to publish the results. 


DISCUSSION 


Kk. M. Wis, Bayonne, N. J.—I have been interested in the copper-nickel-tin 
alloys for some years. These alloys were first studied at the Wadsworth Watch Case 
Co. in an investigation of base-metal alloys suitable for parts of gold-filled watch cases. 

A number of copper-nickel-tin alloys were made up, some of them containing also 
a small amount of silicon or chromium, which increases the strength at the expense of 
ductility, The physical properties of a few of these alloys are shown in Table 4, 
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The age-hardening characteristics of these alloys, as well as the similar behavior of 
the copper-nickel-phosphorus, copper-manganese-silicon and copper-nickel-silicon 
alloys, were discovered. 

The solubility relations existing at the copper end of the copper-nickel-tin system 
are shown in Fig. 26. The pronounced change in solubility between 800° and 300° C. 
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Fig. 26.—EQUILIBRIUM DIAGRAM OF COPPER-NICKEL-TIN ALLOYS. 


for alloys containing from about 4 per cent. to perhaps 55 per cent. nickel indicates 
desirable age-hardening characteristics. The 800° solubility agrees with the deter- 
minations of Price and Phillips. 

Fig. 27 shows the hardness changes exhibited by two copper-nickel-tin alloys, which 
had been cold rolled and treated as indicated on the diagram. The specimens were 
heated to the temperature indicated and were held for 1 hr. One set of samples had 
been cold rolled 50 per cent. before treating, while the other set had been annealed at 


750° for 1 hr. followed by quenching. 


Taste 4.—Tensile Properties of Some Copper-nickel-tin Alloys 
SS oe ee nnn 
Composition | Tensile Properties 


x | Heat |_ 
| | Treatment, 


16 Hr., | Yield | Ultimate| 


| Degrees Point, | Strength, | Eolece a 
im 2) Ime 


Cu | Ni | Sn Si Cr | Mn | Zn”) Gent. Lb. per | Lb. per 
1 | pg,0n. ) (Sq..in, 


| Ae era ah 2 be 


650 56,000 | 80,250 | 32.0 


87.5 olla mc0lh OU5 | 
: : | | | 750 | 44,000 | 71,500| 39.6 
86205 | a725| 5.0 0:5 | 700 | 36,900 66,200 37.5 
Pe 2 oe | 750 | 29,700 | 63,500 | 38.0 
| | | | 
S655. | 8.04 520 ORS | | 700 | 48,000 74,000 33.5 
; | 750 | 45,800 73,300 36.5 
| | | | 
65.0 | 27.5) 6.0 | | 0.5 | 700 | 58,900 | 92,500) 31.0 
“Sibi | | 750 | 54,200 90,000 35.0 
| 
27.5 6.0 (Sra aces: 750 | 43,100 | 82,500| 38.5 
oe | oie | | 700 | 51,600 | 86,200) 36.5 
) | 


700 42,500 | 86,300 37.0 


750 35,100 | 79,300 
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Fig. 27.—ANNEALING AND AGING CHARACTERISTICS OF ROLLED COPPER-NICKEL-TIN 
ALLOYS. 
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Fig. 28.—VARIATION OF HARDNESS WITH COMPOSITION AND HEAT TREATMENT OF 
CHILL-CAST COPPER-NICKEL-TIN ALLOYS. 
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An alloy containing 85 per cent. copper, 7.4 nickel and 7.6 tin showed a tensile 
strength of 61,000 Ib. per sq. in. as quenched. After aging at 300° C. for 3 hr., the 
tensile strength increased to 105,500 Ib. per sq. in. Alloys containing approximately 
8 per cent. of tin and about 7 per cent. of nickel machine very well, particularly after 
slow cooling, which develops a pearlitic structure. The slowly cooled alloy is rather 
brittle and machines to a beautiful finish, even in the absence of lead. Alloys con- 
taining about 7 per cent. Sn and 7 per cent. Ni cold work very well and can be swaged 
and drawn into wire without difficulty. 

Fig. 28 indicates the hardness values observed in a series of small chill castings, as 
cast, after annealing and quenching, and after agin&. The hardness values denoted 
by K were obtained by using 100-kg. load and the diamond penetrator on the Rockwell 
machine. Approximate values in terms of the Rockwell B and C scale are also given. 

The hardest alloy that I have produced contained'40 per cent. of nickel and 15 per 
cent. of tin, which after aging reached 49 Rockwell C, which is quite hard for a 
non-ferrous alloy. 

I present no photomicrographs because, as Mr. Phillips said, the structures are 
difficult to resolve and are not materially different from the precipitate structures met 
with in other alloys. 

I believe that there is a distinct field of usefulness for these alloys as casting alloys. 
Castings of this material should be annealed and rapidly cooled and then aged for a 
suitable time. Some increase in hardness may be obtained by aging castings without 
the prior anneal, but preferably annealing should precede the aging. Certain treat- 
ments ean be utilized to develop structures that make the material particularly 
desirable for use when subjected to high bearing pressures. 


E. H. Drx, Jr., New Kensington, Pa.—The figures in the paper show a number of 
small black pits. It is suggested by the authors that these are due to a volume change 
caused by one of the constituents being dissolved in the matrix. I wonder if that is 
the true explanation. We have done considerable work involving the solution of one 
constituent in another. We feel that this is accomplished by interchange of atoms 
since we have not found any evidence of such porosity. However, in some of the 
heat-treatable aluminum alloys, if the heat-treating temperature is too high, we find 
similar black pits which we believe to be due to the melting of a low melting complex. 
I wonder if in the system under discussion there may be possibility of some ternary or 
other low melting eutectics which have not been discovered, and perhaps the annealing 
temperature of 800° C. has been sufficient to cause melting of those constituents. 


A. J. Partires.— Our accounting for those black holes is merely an assumption on 
our part and there certainly is almost any possibility in the copper-tin system of low 
melting eutectics or compounds existing. 


Distribution of Tensile Strength in Hard Drawn Copper Wire 


By Frank W. Harris,* Bautrmorn, Mp. 


(New York Meeting, February, 1928) 


Tue strength of hard drawn copper wire is a question of considerable 
importance to both manufacturer and consumer. Unlike steel and alloy 
wires, in which strength is governed by both chemical and _ physical 
considerations, the high conductivity required for copper wire in the elec- 
trical industry generally precludes the possibility of obtaining tensile 
strength through the use of alloys. 

Consequently, this strength is largely a matter of the physical struc- 
ture, and all factors known to affect this structure, such as rolling tempera- 
ture, die contours, lubricants, drawing speeds, etc., are matters of 
prime importance. 

The experiments described here have been carried out during the past 
year at the Baltimore plant of the American Smelting & Refining Co., 
in connection with a general investigation of some of the questions men- 
tioned above, with the object of studying the physical structure of hard 
drawn copper wire and the influence of certain factors on that structure. 
The work has been of an exploratory nature, rather than comprehensive, 
but it was thought that the results might prove of sufficient general interest 
to warrant their publication. 

The bulk of the hard drawn copper wire used in places where strength 
is an important factor is manufactured to strict specification, based usu- 
ally in the United States on that of the American Society for Testing 
Materials (B-1-23). This specification calls for almost as high a value of 
tensile strength, consistent with elongation, as it is possible practically 
to obtain, and only physically perfect material can be relied on to meet 
such a specification. Obvious defects, such as laminations produced 
through fins in the original rods or brittleness due to overdrawing, are 
usually recognized and need only passing reference. 

Laminations can be detected by twisting and untwisting the wire 
several times; they will show up on the surface in the form of fins. Fig. 
1 shows a very bad example of this defect. The wire may be perfectly 
smooth before twisting but when such laminations are present they will 
readily show up under this treatment. This trouble is caused by similar 
defects in the original rod produced by overfills in rolling. Fig. 2 shows 
the cross-section of the rod from which the wire in Fig. 1 was drawn. 


* Physicist, American Smelting & Refining Co. 
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Structural brittleness is another common cause of low strength. It 
may be generally recognized by a pronounced “cup and cone”’ fracture 
when the wire is bent through a comparatively small angle. This type 
of brittleness is generally produced during drawing, although the original 
rods are often wrongly blamed for the trouble. It is found in both ferrous 
and non-ferrous wire and may be produced in several ways, each tending 


Fig. 1.—LAMINATIONS IN DEFECTIVE WIRE REVEALED BY TWISTING AND UNTWISTING. 
xX 6. 
(Reduced to 85 per cent. original scale, original magnification given.) 


to bring about the same set of conditions; namely, excessive surface drag 
relative to the movement of the core. 

The retarding forces may be several, the four principle ones known to 
produce this effect being: 

1. Too obtuse a die angle. 

2. A clogged die (which is in effect the same as No. 1). 


Fic. 2.—CRross-SucTION OF ROD FROM WHICH THE WIRE SHOWN IN Fic. 1 WAS DRAWN. 


3. Incorrect ratios of carrier speeds (in the case of multiple-die 
machines) as compared with die ratios, making the supply of wire entering 
the die insufficient for the requirement of the carrier pulling on the 


emerging wire. 
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4. Excessive die friction due to faulty lubricating conditions or 
defective dies. 

If the effect of Such retarding forces becomes so great that the load 
on the emerging wire exceeds its limiting strength, the wire, of course, will 
break, but it often happens that a critical set of conditions may be 
temporarily set up which will cause a loading approaching, but not quite 
reaching, the maximum load the wire can withstand. Under these 
conditions the core will fail in the portion of the wire lying in the die 
itself while the external portion is supported by the pressure of the die 
walls. (See Fig. 3.) 


Fic. 3.—LoNGITUDINAL SECTION OF BRITTLE COPPER WIRE, SHOWING ‘‘CUP AND 
CONE”? BREAK AND FRACTURED CORE. 


In the case of steel wire, segregation may also be a cause of a very 
similar type of brittleness produced by cracking caused by lack of ductility 
in the core. No instances have come to the author’s attention of such 
segregation in electro-copper wire bars. The only impurity of any 
substantial amount is cuprous oxide, and physical considerations of the 
manner of its existence in molten and solid copper, its specific gravity, 
and the fact that the freezing point of the eutectic is only a matter of 
about 33° C. below that of pure copper, all preclude the possibility of 
segregation of this impurity under normal circumstances. 
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Fira. 4.—SECTIONAL DISTRIBUTION OF OXYGEN IN A CAST COPPER WIRE BAR. 


To demonstrate this point, a section 3¢ in. thick was cut from the 
middle of a 250-lb. wire bar, selected at random from stock, and after 
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the top edge had been removed for a depth of 3 mm. it was subdivided 
into 36 small cubes. The enrichment of Cu.O at the surface is due to 
absorption of atmospheric oxygen while molten, after casting, and conse- 
quently should not be considered as segregated impurity. These cubes 
were heated for 3 hr. at 800° C. in a stream of hydrogen. The loss in 
weight of each cube after heating was considered, for the purpose of this 
experiment, as being essentially oxygen, and the amount expressed in 
percentage is shown in the appropriate placegin each square in Fig. 3. 

It will be seen that the oxygen is slightly lower around the sides and 
bottoms (on account of rapid dendritic growth in these portions of the 
section during solidification.) Apart from this, however, it is very con- 
sistently distributed throughout the section. 

Hence the ‘‘cup and cone” brittleness in hard drawn copper 
wire cannot normally be ascribed to segregation of oxide in the center 
of the bar. 


DISTRIBUTION OF TENSILE STRENGTH IN Harp Drawn Coprer WIRE 


It is a well known fact that the maximum tensile strength that can 
be obtained in a given sample of hard drawn copper wire is dependent 
largely on the diameter of that wire. In other words, it is impossible to 
obtain more than a certain maximum strength for any given size regard- 
less of the amount of cold work on the material. The values for various 
sizes of wire are plotted logarithmically in Fig. 5. After about 60 or 
70 per cent. of cold reduction, the wire appears to acquire a tensile 
strength that is more or less consistent for a given size; for example, if 
soft rod 1 in. in diameter is drawn down to hard wire 0.1 in. in diameter 
and soft wire of 0.1 in. in diameter is drawn down to hard wire of 0.01 in. 
in diameter, the percentage of reduction will be identical, and since the 
tensile strength of the original stock is substantially the same in both 
cases, one would naturally expect the strength of the final products to 
be comparable when expressed in pounds per square inch, the hardening 
effect of cold work being a function of the amount applied. In actual 
fact, however, the finer size will have a considerably higher tensile 
strength per unit area than the coarser wire. 

An explanation of this phenomenon has been put forward; namely, 
that the strength of cold-drawn wire lies principally in the outer layers 
and that since the ratio of surface to area varies inversely as the diameter, 
it would seem that there is a relatively larger amount of “skin” 
present compared to cross-sectional area as the diameter of the wire 
becomes smaller. 

Another interesting phenomenon in connection with hard drawn wire 
is that which takes place when such wire is bent over a cylinder of small 
diameter. In view of the hardening effect of cold work, it would seem 
reasonable to assume that with such bending and consequent distortion 
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of the structure, if any change took place it would be in a direction tend- 
ing to increase the tensile strength of the wire. Instead, however, it 
actually lowers the strength markedly to the accompaniment of an 
increased elongation value. This is known to the wire drawer as ‘‘ break- 
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Fic. 5.—GRADUAL INCREASE IN TENSILE STRENGTH PER SQ. IN. WITH DECREASE 
IN DIAMETER OF WIRE. (CHART PLOTTED LOGARITHMICALLY.) 


ing the back” of a wire. It is an apparent softening, which might be 
likened to a slight relief of strain by a light annealing operation, and the 
amount of the “breaking”? varies with the amount of bending to which 
the wire is subjected. 
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Fig. 6.—INFLUENCE OF DIAMETER OF COIL ON TENSILE STRENGTH AND ELONGATION 
OF 0.114-IN. HARD DRAWN COPPER WIRE. 


Fig. 6 shows the effect of bending a wire of 0.114 in. diameter over 
cylindrical forms of diameters varying from 12 to 3 in. The drop in 
tensile strength with decrease in diameter of coil, and the corresponding 
increase in elongation, will be noted. 
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Because of this effect, it is obvious that strength can easily be lost if 
wire is drawn over a small block, or if it is subjected to the bending action 
of a sheave or guide wheel, on emerging from the final die of a wire-draw- 
ing machine. In practice, advantage is taken of this effect in the manu- 
facture of Commercial Medium Hard Wire, and a very considerable 
degree of softening can be obtained by running the wire over pulleys of 
small diameter prior to laying it on the block. Experiments indicate 
that when the diameter of the block exceeds about 250 times the diameter 
of the wire, its influence on the tensile strength of the resultant product 
ceases to be noticeable. : 

Following this “skin hardness” théory to its logical conclusion, it 
would appear that in an extremely fine wire, where the skin-to-area ratio 
would be very high, one might expect the tensile strength to approximate 
that of the skin itself, and thus by testing such extremely fine wires it 
might be possible to obtain a measure of this value. 

Unfortunately practical considerations make such tests somewhat 
unreliable, as microscopic imperfections, the problem of gripping the test 
pieces, and of obtaining apparatus of sufficient sensitivity for tests involv- 
ing small fractions of an ounce, all have a pronounced influence on the 
value of the results obtained. . 

There is another method, however, of obtaining a measure of this 
skin strength, and one which has the added advantage of enabling the 
strength of any desired part of the section to be obtained. This method 
has been adopted in the present investigation. It consists of a gradual 
removal of the outer layers of metal by solution in acid, with tests of 
the wires at each successive stage in the process. By making many such 
tests, the tensile strength of each size can be found, and from these values 
the strength of the portions successively removed may be deduced by a 
simple process of subtraction. 

In spite of expectation to the contrary, the action of the solvent does 
not produce pitting unless the strength is great enough to cause too 
rapid an action. With a 10 per cent. solution of nitric acid in water, 
which was used in these experiments, the action is quite gentle. The 
diameter of a 0.114-in. wire was reduced approximately 0.001 in. per hour 
in the larger sizes, and more rapidly as the wire became thinner. 

A 5-gal Pyrex jar was used as a container, the wires being cut about 
18 in. long, bent over at one end to form a small hook and suspended 
vertically in the acid from cross wires. In this way, 100 wires could be 
accommodated in one batch, and a sufficient amount of acid was used so 
that the strength was not reduced materially in less than 12 hours. 

Experiments were conducted principally on 0.114-in. hard drawn 
copper wire, that being a size of general interest, but tests on other sizes 
were also made as the results of the preliminary work began to show some 
interesting possibilities. It was not practicable to continue acid attack 
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beyond about 0.030 in. diameter, as the wires lacked uniformity of section 
below this point. The results of the first series of tests are shown in 
Table 1. 


TasLe 1.—Tests of Tensile Strength in 0.114-in. Hard Drawn Copper Wire 
Be Le ee On eee 


(Frrst Serres) 


M 3 tevaie ; 
Diam | area, | stremuth, Actual «| HF. in| Pieolved | “Dissolved 

acid Are | om ia Lb. Lb. te | Espada per 

attack Sq. In, / : Sq. In. 
0.1129 0.01002 65,7802 660 
0.1036 0.00843 554 106 0.001590 | 66,600 
0.0928 0.00677 | 466 88 0.001660 53,000 
0.0847 0.00564 | | 388 78 0.001180 69,200 
0.0737 0.004235 | 298 90 0.001405 64, 100 
0.0615 0.00297 — | | 227 71 0.001265 56,200 
0.0509 0.002042 | | 140 87 0.000928 | 93,400 
0.04538 0.001614 | 70,075’ | 1138 27 0.000428 63,800 


« Average of the whole section. 
> Average of the residual core. 


From the data obtained it has been possible to calculate the tensile 
strength of each zone removed by the acid. The values have been 
plotted in Fig. 7, the height of each column being a measure of the tensile 
strength of that portion of the wire, and the width indicating the amount 
of metal removed in each case. The broken line shows the average 
tensile strength of the whole wire. In this way a picture is obtained of 
the strength distribution in the whole section. 

The outer skin of this wire is shghtly above the average for the whole 
section in tensile strength—. e., 66,600 Ib. per sq. in. as compared with 
65,780 Ib. per sq. in.—but the residual core is considerably higher at 
70,075 lb. per sq. in. 

A striking result in this series is the extremely high zone between 
diameters 0.0615 and 0.0509 in., the latter having a tensile strength of 
93,400 Ib. per sq. in. Since this result was the mean of 10 tests, all of 
which were within a few pounds of each other, it hardly seems likely that 
it is a freak value. As will be seen in later tests, there is always a tend- 
ency for a high value at this point in the wire but nothing quite so high 
was reached in subsequent experiments. 

The core in this series of tests was not dissolved away to such a small 
diameter as in the succeeding ones; consequently the value 70,075 Ib. 
per sq. in. is a mean figure for the whole residual section, and by analyzing 
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the core still further it can be shown that there are considerable variations - 
of strength in this portion. 

It will also be noted that apparently there is a progressive increase in 
strength up to a maximum of 93,400 lb. per sq. in. and then a falling off. 
The actual strength at the axis of the wire becomes a matter of conjecture 
but the indication is that it might be low, the point of maximum strength 
apparently lying about midway between the outer skin and the axis. 

In order to check these interesting results, another series of tests was 
made on another coil of 0.114-in. wire, taking 10 tests as before from each 
die; this time dissolving the wire to about 0.030 in. and thus obtaining a 
truer picture of the conditions in the core. Results are shown in Table 2 
and are plotted in Fig. 8. 


Taste 2.—Tests of Tensile Strength in 0.114-in. Hard Drawn Copper Wire 
pea ag A ee aa a ee a ee ee 


leon Tensile ey Barnes Area of | Strenath of 
In after ae / nee ‘Load, nad |) Aneel aero 

iad ees eRe yb. Wa ae oe a) tae 
Attack 4 Sa. fie 
0.1128 0.01000 | 66,000 660 
0.1058 0.00878 594 66 0.00122 54,200 
0.0916 0.00658 452 142 0.00220 64,500 
0.0849 0.00566 | 395.5 5620 0.00092 61,400 
0.0791 0.00492 | 339 56.5 0.00074 76,400 
0.0703 | 0.00388 | egal 68.0 0.00104 65,400 
0.06138 0.00295 | PADS 3135 D3 0 0.00093 68,300 
0.0565 0.00251 | ab: 28 .5 0.00044 64,700 
0.0450 0.00159 | ee LOS 13.2 0.00092 | 79,500 
0.0330 0.000856 61,100 52.3 53.5 0.007384 | 72,800 


The results in the second series of tests are not in strict agreement 
with the previous ones. The strength of the inner core is below the 
average for the whole section and the outer skin is considerably lower. 
rm + * oe Ra cr 7 =e = < 7 
The general trend, however, is somewhat similar; namely, an increase 
from the outside to a point about midway between the outer skin and 
the axis. 

An explanation of the difference between the two series of tests prob- 
ably lies in the fact that too much metal was dissolved away from the 
outer skin in the first case, and possibly the extreme skin would have been 
actually weaker than shown if a thinner portion had been examined. 
The results of both series of tests, however, are in contradiction to the 
theory that the highest tensile strength of a wire lies in the skin. 


EXAMINATION OF HoT-ROLLED Rop 


It was thought possible that the structure of the rods from which the 
above wires were drawn might show somewhat similar properties on a 
less exaggerated scale, therefore tests were next made on such material 
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Samples of 57 gin. hot-rolled rod were selected from stock and treated 
in acid, as described. Simultaneous tests were also made with 54 g¢-in. 
hot-rolled rod which had been previously annealed to remove all residual 


ae The values obtained are given in Tables 3 and 4 and are plotted 
in Fig. 9. 


TABLE 3.—Distribution of Tensile Strength in Commercial Hot-rolled 
546-in. Copper Rod 


a SS SSS 

Atee Tensile | , _, Pensile 

eres Area Strength, ee Pee Dicchedie lh Deed 
etd Sq. In Lb. per ae | pees ; Portion, Portion, 
Attack Sq. In. ; | : Sq. In. Lb. per 
Sq. In. 

0.3125 0.0768 30,900 2,367 

0.2325 0.0424 1,455 912 0.0344 26,500 
0.1675 0.0220 766 689 0.0204 33,800 
(0 Jean Oi i Fes 0.0098 35,550 347 419 0.0122 34,200 


TaBLe 4.—Distribution of Tensile Strength in Commercial Hot-rolled 
54¢-in. Copper Rod Annealed at 1000° F. for One Hour 


von Tensil | P J azes of cae 
ensile pes Stre 
ee Area, Strength, ne | eee Discclved eccired 
Navel Sq. In. Lb. per Teh T Bee Portion, Portion, 
Ghacle Sq. In. , | ay ae Sq. In. Lb. per 
| Sq. In. 
=, _ + = 
0.312 0.0764 30,700 2,350 
0.206 0.0333 1,025 | 1,325 0.0431 30,700 
0.158 0.0196 5930 432 0.01387 31,500 
0.083 0.0054 30,600 166 | 427 | 0.0142 30, 100 
| 


The results indicate unmistakably that the distribution of strength is 
not perfectly uniform in the commercial rod, whereas in the annealed 
samples there is an almost negligible divergence from the straight line at 
any point in the section, as might be expected. 

In the commercial rod, a contour can be observed which is somewhat 
similar to that in the hard drawn wire, and this fact appears to add some 
weight to the contention that rods finished at a low temperature and left 
with a certain amount of internal strain produce a somewhat stronger 
wire than do annealed rods, although it is admittedly difficult to under- 
stand how such a small amount of cold work can have much influence as 
compared with the effect of seven or eight reductions through dies. 


Errect or SuccesstvE Dries in Corp DrawinG FROM 54¢6-IN. Rop To 
0.114-1n. WIRE 


The next investigation consisted in studying the manner in which the 
tensile strength gradually increases in successive drafts. The rod was 
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TasLe 5.—Distribution of Tensile Strength in Hard Drawn Copper Wire 
during Reduction from 4 6-in. Rod to 0.114-in. Wire 


First Die 
Mean Tensile ie 1 | Diff. i Area of Streneth of 
Diam., INE Streneth, + a L oie Dissolved Dissolved 
raed Sq. In. Lb. per Th : | Th 4 Portion, Portion, 
atiack ea, Te feo | Pe ees 
| ee cog 
0.271 | 0.0577 43,500 | 2,512 | | 
0.219 0.0376 | 1,600 | 912 | 0.0201 | 45,400 
0.094 0.0069 | 311.7] 1,288.3:| 00307 | 42,200 
0.0735 | 0.0042 44,700 | 191.2 120.5 | 0.0027 | 44,500 
Second Die 
0.222 | 0.0386 | 53,900 | 2,087 | 7 i 53,900 
0.172 0.0233 | 1,267 | 820 0.0153 53,500 
0.142 0.0158 | 38") sa30 0.0075 57,200 
0.102 0.0081 508 | 329 0.0077. | 43,000 
0.983 0.0054 | 322 186 | 0.0027 | 69,000 
0.052 0.0021 130 | 192 0.0033 58,300 
0.036 0.00102 60,800 62". =| 68 0.00108 62,800 
Third Die 
0.192 | 0.0289 | 57,200 | 1,650 sat ce Sao 
0.151 0.0179 | 1,079 | 57.1 | 0.0110 52,000 
0.1219 | 0.0108 | 719.3 359.7 | 0.0071 50,800 
0.0899 | 0.0063 399.6 | 319.7) 0.0045 | 71,000 
0.046 0.0016 | 105 294.6 0.0047 | 62,600 
0.035 0.00095 60,800 65 | 40.0 0.00065 | 61,600 
Fourth Die 
0.1545 |) 0.0187 2 |) 260,500. | Tim, | ora. 
O,1237 90,0121 | 758 |. =«878~ | 0.0066 56,900 
0.1030 | 0.0083 | -496%-/ 962 } 0.003827") © 63,000 
0.0764 0.0046 | 307 187 0.0037 | 50,400 
0.0593 0.0027 62,300 173 134 0.0019 | 70,500 
Fifth Die 
0.1362 | 0.0145 ° | 61,000 | sso) 7) | 
0.1013 | 0.0081 | 500 389 | 0.0064 | 60,500 
0.0795 | 0.00472 32d | 179 | 0.00348 | 62,200 
0.0446 | 0.00156 60,800 | 108 | 218 0.00316 67,000 
Sixth Die 
0.114 | 0.0101 65,000" |= 7662. (7 gree) ee 
0.0893 | 0.006 414 24.8! 0.0041 60,500 
0.0725 | 0.0041 | B82 | | “139 J) 70.0022 a) 960.000 
0.065 | 0.0034 241 | 41 | 0.0007 58,500 
0.0443 0.00155 ae 129 0.00185 69,500 
0.0363 | 0.00104 | 73 39 | 0.00051 76,500 
0.0273 | 0.00058 | 3 
7 5 64,000 | S78 35.7 | 0.00046 77,000 
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drawn down cold on a single 22-in. block in six reductions, using the 
following die set-up: 


(0.312-in. rod) — 0.270 — 0.222 — 0.185 — 0.145 — 0.127 and0.114 in. 


A quantity of wire was taken at each stage in the reduction, sufficient 
for 50 or 60 samples and the same process of physical analysis as before 
was carried out. The results are given in Table 5 and shown diagram- 
matically in Figs. 10 and 11. * 

It will be seen that as the wire becomes harder it adopts a similar 
contour of tensile strength to that shown in the previous tests. The one 
exception is the wire after the first draft, in which the tensile strength is 
highest in the skin. This is to be expected, since the cold work of the die 
has not yet completely penetrated to the soft core. After the second 
draft, however, the effect of the cold work appears to be more marked on 
the core than on the outer layers. 


Errect oF BENDING Harp Drawn WIRE INTO Corts oF SMALL 
DIAMETER 


Reference has already been made to the effect of bending hard drawn 
copper wire, and it has been shown that the smaller the diameter of the 
coil, the more the tensile strength is reduced until a minimum is reached. 
An explanation that is usually offered to this phenomenon is that the skin 
is in some way broken up, and on the-theory that the strength is really 
concentrated in this skin anything that in any way injures it would lower 
the strength of the wire as a whole. 

The experiments described above, however, would indicate that the 
strength does not lie in the skin and consequently there must be some other 
explanation to the phenomenon. As a further experiment, therefore, a 
physical analysis was made on wire which had been bent over cylinders of 
12, 6, and 3-in. diameters respectively. The results are shown in Table 6 
and plotted in Fig. 12. 

It will be seen that there is a gradual evening-up effect as the wire is 
bent into smaller and smaller coils. On the 12-in. coil the core is by far 
the highest portion, whereas in the 3-in. coil there is less variation in 
strength at any point in the section with the exception of the extreme 
outer skin. There is still, however, a tendency for a gradual increase 
in strength from skin to core. 
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Tasie 6.—Effect of Coil Diameter on Tensile Strength Distribution in 
0.114-in. Hard Drawn Copper Wire 


po ee 


Twelve-inch Diameter Coil 


| | rn ’ e ene : 
Tensile eed / | St o 
ee ‘ Area, Anan fons | D use ae | Dissolved | Dissolved 
%, 4 ’ 5 H ortion, ’ 
Gia tne Sq. In. Se, ae Pounds | Pounds Sq. In. Lb. per 
| Sq. In. 
0.1139 0.01021 62,875 | 641 
0.1004 0.00793 529 112 0.00228 50,000 
0.0893 0.00627 428 101 0.00166 | 60,800 
0.0777 0.00474 | 385) 93 On00 15cm 60,700 
0.0710 0.00396 281 54 ~ 0.00078 69,200 
0.0580 0.00264 201 80 0.00132 60,600 
0.0503 0.00199 80,020 159 42 0.00065 | 64,600 
Six-inch Diameter Coil 
aie | ee 
0.11358 0.01013 | 61,775 626 | 
0.09895) 0.00769 | Fal 115 0.00244 | 47,200 
0.08220; 0.00532 365 146 0.00237 61,500 
0.0708 0.00393 280 85 0.00139 | 61,200 
0.06025| 0.00285 210 70 0.00108 | 64,800 
0.054 0.00233 76,400 178 | om 0.00052 — 61,500 
Three-inch Diameter Coil 
: a : - —— ; — = ae 
0.1184 0.01002 | 60,500 606 | | 
0.0948 0.00707 453 | iG 0.00295 | 51,800 
0.0861 0.00582 | 381 a | 0.00125 | 57,600 
0.0693 0.00377 | 249 132 0.00205 | 64,400 
0.0611 0.00293 | 66,580 195 54 — 0.00084 64,300 


Errect oF REVERSAL IN DRAWING DIRECTION 


As a final experiment, the effect of reversing the direction of draw in 
the last die was studied. A 54¢-in. rod was drawn down to 0.122-in. 
diameter in a continuous machine and then drawn down to 0.114-in. 
diameter in one draft on a single block in the reverse direction. In other 
words, the trailing end of the coil from the continuous machine was made 
the leading end in the final draft. In this way, the direction of surface 
flow was reversed. 

A physical analysis was made of the strength distribution as before, 
the values of which are given in Table 7 and plotted in Fig. 13. 

The strength of the wire as a whole was increased slightly over that of 
wire drawn in one direction throughout although the increase was not 
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marked. It is a generally accepted fact that wire drawn on a single 
block usually has somewhat greater strength than that drawn on a 
continuous machine and possibly this is due to the effect of reversal in 
drawing direction, since the direction is reversed at each step when 
drawing one die at a time. 


TaBLe 7.—Effect on Strength Distribution in 0.114-in. Hard Drawn 
Copper Wire when Direction of Drawing gs Reversed at Last Die 
Drawn to 0.122-in. on Continuous Machine. Drawn from 0.122 to 0.114-in. on Single 
Block in Reverse Deecon 


| Tensile | | A f S Seng f 

Diam Area H SStid i th, Actual Diff. in ee : d eee a 
In. Sq. In | Lb per’ | toad: Load, | Portion, Portion, 
| | | a Sq. In. 

0.1164 0.01065 66,310 706 

0.1013 0.00807 5388 168 0.00258 65,200 
0.0928 0.00677 461 ay _ 0.00130 59,200 
0.0716 0.00403 284 | SUZETL 0.00274 64,600 
0.0549 0.00237 71,000 168 116 0.00166 69,900 


In the present case, there appears to be an undoubted increase in 
tensile strength at the skin as compared with the wire shown in Fig. 8. 
The strength of the core, however, still shows a value above the average 
for the whole wire, and from this it would be inferred that the reversal 
has not had a very marked effect. 


Microscopic Stupy oF Harp DRAWN WIRE STRUCTURE AT DIFFERENT 
POINTS IN THE SECTION 


It was thought that a study of the microscopic structure of hard 
drawn copper wire at various points in the cross-section might reveal 
some differences corresponding to the areas of high and low tensile 
strength shown in the above experiments, either by a change in orienta- 
tion or in the number of slip planes in the individual crystals. A complete 
and exhaustive traverse was made across the diametrical section of a 
0.114-in. diameter hard drawn wire in several places, each area being 
photographed at 750 diameters, so that when placed side by side the 
photomicrographs of the wire gave a composite picture of approximately 
85 in. long. 

Contrary to expectations, there was no essential difference observed 
in the erystal structure at any point in the section, each photomicrograph 
showing similarly oriented crystals greatly distorted and broken up along 
innumerable slip planes. To avoid repetition, only three of these photo- 
micrographs are shown in Fig. 14; representing a point on the outer skin, 
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one midway between the skin and the core, and one at the core itself, 
respectively. The similarity in the three structures is readily seen. 

A study was also made of the structure of the brittle 0.114-in. diameter 
wire, to which reference was made in an earlier portion of the paper, 
shown in Fig. 4. Minute cracks were observed at many points in the 
section in addition to the major fracture at the core itself. Fig. 15 shows 
one of these small fractures about midway between the skin and the core 
of this wire. 

Some interesting studies were also made at higher magnifications and 
Fig. 16 shows a photomicrograph of a core of a 0.114-in. hard drawn wire. 
The slip planes and highly distorted structure are very noticeable. A 
rough calculation will show that there are approximately 50,000 of these 
planes to the linear inch. Assuming that there were about 1000 crystals 
to the linear inch in the original soft rod, it will be seen that each crystal 
apparently developed about 50 slip planes. 


Ita. 17.—DirecTION OF PREFERRED ORIENTATION OF CRYSTALS IN HARD DRAWN 
WIRE, AS SHOWN BY X-RAY ANALYSIsS.! 


Although microscopic evidence does not reveal any marked change in 
orientation, X-ray methods have shown that such changes exist. An 
interesting article was recently published on this subject by Schmid 
and Wassermann.! These authors show that a ‘“‘preferred orientation”’ 
is produced by cold working, and in metals like copper, aluminum, gold 
and silver, whose lattice is of the face-centered variety, there can be two 
different arrangements of the crystal axis, either the diagonal or one of the 
edges of the elementary cubes tending to arrange itself parallel to the 
axis of the wire. 

The X-ray study also brings out the interesting fact that this tendency 
for preferred orientation in a direction parallel to the axis is most marked 
at the center of the wire. In the outer layers, the crystal orientation 
tends to point inward in the direction towards which the wire has been 
drawn, and at an angle corresponding approximately to that of the die 
wall. This tendency becomes more marked as the outer skin is 


1 Zeitschr. fiir Metall (August, 1927) 325. 
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approached but at the skin itself the orientation is less marked and the 
crystals again tend to lie parallel to the axis. 

The diagram in Fig. 17 is reproduced from their paper to illustrate 
these facts. Four layers of a wire are shown and the arrows indicate 
the direction of preferred orientation in each layer. Furthermore, the 
length of the arrows indicate approximately the degree to which the 
tendency towards preferred orientation manifests itself. 

By making tensile tests of each area, in,a manner similar to that 
described in the present paper, it is interesting to note that they find a 
progressive increase in strength from the skin to the core of a hard drawn 
wire and thus in general confirm the author’s investigations. 


SUMMARY AND CONCLUSION 


In this investigation, various types of copper rod and hard drawn 
wire have been treated in dilute nitric acid in such a manner as to remove 
successive layers of metal from the surface. By testing batches of these 
after varying periods of immersion in acid, it has been possible to obtain 
a measure of the tensile strength of different portions of the sections. 
These have been plotted diagrammatically. 

The results of the experiments show that the strength of hard drawn 
wire and commercial hot-rolled rod is by no means constant throughout 
the section. The ‘‘skin” of the wire is, in general, below the average 
for the whole. There appears to be a point of low strength at the axis, 
but the method of testing adopted does not permit complete exploration 
of this area. 

The region of highest strength appears to be in a zone near the core. 

Commercial hot-rolled rod shows a variance of strength throughout 
the section, being lowest at the outer zone and highest at, or near, the 
core. Annealed rod, however, is almost uniform throughout. 

The effect of one draft on commercial soft copper rod is to raise the 
strength of the skin above the average for the whole wire. Further drafts 
bring about the same conditions as before. 

The effect of bending a hard drawn wire into a small coil is to lower the 
average strength and develop a more uniform condition throughout. 

When wire is drawn continuously in one direction to the penultimate 
die, and then the drawing direction reversed in the final die, the result is 
an increase in skin strength, the remainder of the section being unchanged. 

While X-ray studies have been shown to reveal a ‘preferred orienta- 
tion” of the crystals at various points in the section of a hard drawn wire, 
microscopic studies do not show any essential change in crystal structure 
at any point, corresponding to zones of high and low tensile strength. 

Two common causes of defective wire are discussed; namely, lamina- 


tions and overdrawing. 
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DISCUSSION 


H. F. Moorn, Urbana, Ill—During the past year there have been carried on, in 
the materials testing laboratories of the University of Illinois, metallographic studies 
of eracks in copper caused by repeated stress.? The structure, or rather the break-up 
of structure, was quite similar to that shown by the author. There seemed to be a 
tendency, though not a very well marked tendency, for fatigue marks to follow the 
planes of cleavage in the copper. 

In previous experiments it has been found? that the fatigue strength of cold-drawn 
copper is but little, if any, above the fatigue strength of cold-drawn copper sub- 
sequently annealed. It is also general experience that too drastic cold rolling of 
either copper or steel actually reduces the strength. In the process of cold working 
there seem to be two effects; one a beneficial effect which is associated with intra- 
crystalline slip, and the other a destructive effect associated with the formation of 
minute cracks. 

In their initial stages, minute cracks formed under repeated stress are too fine to 
be seen even with the modern microscope. At the present time X-ray spectroscopic 
analysis can give us some notion of the general “‘statistical’’ behavior of the atoms in a 
mass of metal, but cannot tell us much, if anything, about the details of fracture of 
atomic bonds. The problem of the initial stages of progressive fracture, In my opinion, 
lies in a field between that of the microscope and that of the study of atomic structure. 
This paper is welcome as a contribution to the study of this problem. 


F. H. Cuarx, New York, N. Y. (written discussion).—The studies carried out by 
Mr. Harris on ‘‘cup and cone”’ brittleness, as shown in Fig. 3, are of great interest to 
the writer, as instances of failure which appear to be identical have been found in wire 
purchased by the Western Union Telegraph Co. After a careful reading of his text, 
it is not clear to the writer whether Mr. Harris believes this type of failure is ever due 
to the presence of impurities in the copper or whether it is always due to mechanical 
effects in the drawing operation. 

The writer has had occasion to investigate instances of failure which have occurred 
during the unreeling operation and installation of copper wire for telegraph service. 
These failures invariably show a ‘‘cup and cone”’ fracture. 

Tests made on coils containing the defective wire show low tensile strength and 
low elongation. The writer has examined under the microscope samples of such 
failures and has always found large quantities of cuprous oxide at these breaks. The 
oxide observed exceeded the amount normally found in hard-drawn copper used for 
electrical purposes. 

Fig. 18 of Specimen No, 1 shows a longitudinal section of copper wire at 5 dia. 
magnification with a “‘cup’’ fracture. Three other crescent-shaped areas are visible. 
Fig. 19 shows one of these areas at 100 dia. Distortion of the copper grains is visible. 
The dark spots of oxide reveal their characteristic bluish tint under the microscope. 
igs. 20 and 21 show portions of the same area as Fig. 19 but the magnification is 
1000 diameters. 

Fig. 22 of Specimen No. 2 shows segregation in a cone-shaped structure. Fig. 23 
at higher magnification proves this to be an excessive amount of cuprous oxide, 

Fig. 24 shows a crack as shown in Fig. 25. It. will be noted that the crack runs 
across the wire at right angles to the direction of drawing. The path of the crack 


°H. F. Moore and F. C. Howard: Metallographic Study of the Path of Fatigue 
Failure in Copper. Eng. Exp. Sta., Univ. of Ill. Bull. 176 (1928). 


3H. F. Moore and T. M. Jasper: An Investigation of the Fatigue of Metals. 
Eng. Exp. Sta., Univ. of Il. Bull. 152 (1925). 
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See Fig. 19. Fracture 


= oS anes a T 
Fig. 18. SPECIMEN No. 1. Copper wire No. 8 B.,W. G. Cup FRACTURE AND 
CRESCENT MARKINGS IN DEFECTIVE COPPER WIRE. X 5. 


See Fig. 20. See Fig. 21. 
Fic. 19—OneE OF CRESCENT-SHAPED STRUCTURES OF Fig. 18. X 100. 


Fic. 20.—ONE OF CRESCENT-SHAPED STRUCTURES OF Fie. 18. X 1000. 
(Reduced to 14 original scale, original magnification given.) 
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leads from one inclusion of oxide to the next. All samples of copper were etched with 
ammoniacal peroxide, 


Fic. 21.—Cuprous OXIDE IN CRESCENT-SHAPED STRUCTURE. X 1000. 
(Reduced to 14 original scale, original magnification given.) 


See Fig. 23. 


Fig. 22.—Sprrcimen No. 2. Copper wire No. 8 B. W. G. CRrRESCENT-SHAPED 
BODY. X 100. 


Fig. 23.—Cuprous OXIDE IN CRESCENT-SHAPED BODY ORIGe 22 a 0005 
(Reduced to 1% original scale, original magnification given.) 


The writer believes that cuprous oxide does segregate in hard-drawn copper wire 
and produces brittleness with subsequent failure. In the writer’s experience, the 


“eup and cone”’ brittleness and crescent-shaped structures have always been asso- 
ciated with cuprous oxide, 
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Fic. 24.—Seectmen No. 3. Copper WIRE No. 8 B. W. G. TRANSVERSE CRACK 
FORMED WHEN WIRE WAS BENT. CRACK FOLLOWS CUPROUS OXIDE INCLUSIONS. 
CoppER GRAINS SLIGHTLY ANNEALED DUB TO MOUNTING SAMPLE IN ZINC FOR POLISH- 


ina. X 100. oe eae rm ta chs POPE, 
(Reduced to }4 original scale, original magnification given.) 


x Crack 


Fig. 25.—SKETCH OF SECTION OF WIRE SHOWING POSITION OF CRACK SHOWN IN Fia. 24 


540 DISTRIBUTION OF TENSILE STRENGTH IN HARD DRAWN COPPER WIRE 


F. W. Harris (written discussion).—In reply to Dr. Clark’s discussion, I would 
state that my belief is that “cup and cone” brittleness is essentially a mechanical 
phenomenon, the main causes of which are outlined in the second and third pages 
of the paper. The principal reasons for this opinion are: 

1. Cuprous oxide does not migrate on solidification in such a manner as to cause 
any segregation such as is claimed to have produced the brittleness shown in Dr. 
Clark’s examples. The possibility of wire of high oxide content also possessing 
“cup and cone” brittleness is not denied, but I would suggest that such oxide in 
itself is not the prime cause of this peculiar type of brittleness. 

2. This brittleness can be produced at will from otherwise normal material 
by arranging the drawing conditions in such a way as to produce excessive surface 
friction. 

3. The uniformity of spacing of the fractures throughout the length of the wire 
rather belies any segregation explanation, and suggests that a periodic vibration is 
set up as the core of the wire breaks. 

The large inclusions shown in the fracture in Fig. 7 would appear to be cupric 
oxide scale, rather than cuprous oxide eutectic, on account of their jagged nature, 
and have apparently been forced in from the surface. When seen through a micro- 
scope equipped with the usual vertical illumination, both cuprous and cupric oxides 
appear blue, but under oblique illumination, cupric oxide appears blue-black, and 
cuprous oxide a rich ruby color. This is a useful test in such cases. 


E. M. Wise, Bayonne, N. J——The curves shown for the change in strength after 
removing various amounts of the surface of the wire are strongly indicative of high 
internal stresses in the wire. I would like to ask the author whether measurements 
were made of the change in length of the wire after removing varying amounts of 
the surface material. It seems probable that part of the change in strength observed 


is due to a variation in the direction and magnitude of the stresses in the outer layers 
of the wire. 


W. B. Price, Waterbury, Conn.—Is there not a possible explanation in the 
tensile strength between the outer layer and the inner layer due to self-annealing 
of the wire? It is particularly significant in the closer packed coils, and if you 
remove the outer skin, you get in the center the real tensile strength of the wire. I 
think it is also very significant that on the thoroughly annealed wire the physical 
properties are practically constant and it may be that it is annealed at such a low 
temperature it is not resolved by the microscope. 

There have been instances of copper that have shown annealing and even burning 


at very low temperatures. I think Mr. Bassett once told me it happened in the 
neighborhood of 160° C. 


D. K. Crampton, Waterbury, Conn.—The reference to internal stresses interested 
I was struck with the similarity of the shape of the curves of distribution of 
tensile strength with similar curves of distribution of internal stress on drawn rod 
and wire; that is, distribution of stress as measured by Heyn’s method of removing 
surface layers and measuring inerease in length. 
I think probably there is some close connection between the two phenomena. As 
perhaps the first evidence of that, we all know that drawn rod or wire subsequently 
coiled has a more uniform distribution of stress than just as drawn. We see this 


distinctly in brass-mill practice and I see no reason why it should not hold also 
for copper. 


me, 


y di 1 = 
F. EK. Carter, Newark N. J.—Some years ago, as I recall it, Heyn‘ g 


ees ave a method 
of determining strains in cold-rolled metals, using 


nickel-steel and copper alloys. He 
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cut concentric layers from the surface of the rod, accurately measuring the length 
after each operation. He was able in this way to measure the strain in the rod and 
I would be interested to know how the results given in the present paper agree with 
those given by Heyn. 


F. W. Harris.—Mr. Wise’s suggestion that variation in internal stresses should 
be accompanied by variations in length is of much interest. I did not actually 
make such measurements in the present study. It is largely a question of developing 
a satisfactory apparatus, as there are some obvious difficulties to be surmounted. 

Mr. Price commented on the fact that the difference in stresses may be due to 
self-annealing during the drawing. There is little doubt that the influence of heat 
developed by friction during the passage of the wire through the die is an important 
underlying cause of many variations in the physical properties of wire. 


W. B. Price.—Would not the outside anneal against the face of the die? Would 
not more heat generate there? 


F. W. Harris.—No doubt very high temperatures may sometimes be developed 
locally, especially under conditions of high reduction and poor lubrication, but it 
might be argued that the coolest portion is the surface, due to the quenching action 
of the solution. On the other hand, if a steam film were developed, the reverse 
might be true. The thermal conductivity of copper being so high, it is certain 
that any pronounced temperature gradient in a small wire could not exist very long. 


W. B. Pricr.—Several years ago Rawdon showed? that in rolling very fine copper 
sheet there was pronounced softening. In the tests he used rolls which were not cooled 
with water and the softening was due to self-annealing in that case. 


F. W. Harris.—1 would think the conditions were so different in drawing the wire 
through solution as compared with rolling that the two could hardly be compared. 


W. H. Bassett, Waterbury, Conn.—It is possible that wire may come from a wire 
machine quite considerably annealed, in spite of the solution, and that is one of the 
things in high-speed drawing that certainly has to be considered. As to the physics of 
the heating of the wire, one does not know, but it is true that the heat generated by the 
die is very considerable. Not only in wire machines, but in some other operations of 
drawing copper, it has been observed in certain drawing operations that the copper 
came through the die at a red heat on account of the amount of work that was done in 
i i ne section. 
tee, suggest for discussion at some other time I do not know whether it 
belongs in this section or not—the physics of the drawing of metal through adie. 
It is quite possible to produce at will the broken center in wire by shaping the die. 
The shape of dies is a very important matter and has a very great deal to do with the 
properties of the metals that are drawn through the dies. 

Whether Dr. Moore’s remarks refer to the breaking apart of the crystals due 
to the tensile pull which would be, of course, unsupported by a die, or whether they 
refer to material which has been drawn through dies, I do not know, but the support 
which the metal receives from the die, the character of the die, the length of bearing, 
and so forth, are extremely important in the drawing of wire and in the drawing of 
rods, and are matters upon which a great deal of time and study might be well spent. 
I do not know of any publications on the subject. There may be some, but certainly 


the matter is worthy of study. 


> H. S. Rawdon and W. H. Mutchler: Effect of Severe Cold Working on Scratch 
and Brinell Hardness. Trans. (1924) 70, 342. 
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G. A. Rousu, Bethlehem, Pa. (written discussion).—In going over the various 
conditions and conclusions outlined by Mr. Harris, I cannot help feeling that the con- 
clusions drawn in regard to the tensile strength of the various layers of the drawn 
wire cannot be entirely justified so long as they do not take into account the internal 
strains existing in the wire. There is no doubt about the existence of layers of varying 
tensile strength, and likewise of similar layers of varying strain, but the methods used 
by Mr. Harris cannot give one a true measure of the tensile strength because they do 
not take into account the accompanying strains, which may either increase or decrease 
the tensile strength, depending on whether the strain is tensile or compressive. 

For simplicity in analyzing the conditions existing in a drawn wire of this kind, let 
us assume that it consists of only an inner core and a single surrounding layer, as 
shown in Fig. 26, As the wire aAa is drawn through the die it is constricted as shown 
in bBb, to emerge in an elongated form as cCc. As the wire passes through the die the 
surface layer aa is subjected to heavy tensile stress and friction on the walls of the die, 
with the result that the surface layer cc of the drawn wire is under a severe tensile 
strain. At the same time, due to the constricting action of the die, there is a certain 
amount of lateral compression, but under the existing conditions the tensile stress 
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predominates over the compressive, so that at cc the metal is under considerable 
residual longitudinal tension. As the core A passes through the die it is also subjected 
to tension and compression, but here the heavy dragging friction of the walls of the 
die is absent, while at B the core is undergoing lateral compression due to the action 
of the die on the surface layer bb. Which of the strains thus set up predominates will 
depend on the combination of a number of conditions, the draft of the die probably 
being the most important. If this analysis of the conditions is correct, the surface cc 
is almost inevitably in longitudinal tension, but in the core C the original tension of the 
draw may or may not be counteracted by the compression. Let us then see where this 
argument leads us if followed along these two alternatives. 

For this purpose assume the wire to be of a metal with a normal tensile strength of 
60,000 Ib. per sq. in., and assume the areas C and cc equal. With a heavily pre- 
dominating tensile strain in cc, amounting say to 20,000 Ib., the net strength of this 
section is then only 40,000 lb.; with a smaller predominating tensile strain in C, say of 
10,000 Ib., the net strength of this section would be 50,000 lb., or a combined strength 
of 45,000 Ib. for the wire as a whole, and this is what the tensile test should show. _ If 
this wire were placed in acid and the layer cc removed, much of the strain in C, both 
tensile and compressive, would be relieved, and the core would, when tested atone 
show the increased strength resulting from the relief from the strain. If G under these 
conditions tests 55,000 Ib., an increase of 5000 Ib. over its previous condition, this 
base Win compared with the average value of 45,000 lb. for the whole wire would 
ead to the conclusion that the surface layer had a st i 
a layer had a strength of only 35,000 Ib., instead 

A similar discrepancy, but in the opposite direction, would result if the compressive 
strains prevailed in the core. Assume the same conditions as before in cc, but a come 
pressive strain in C that predominates over the tensile; the magnitude of ane strain is 
probably considerably less than the corresponding value in the preceding case, since 
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the compressive stress is applied laterally, and only such of the force as is resolved into 
longitudinal compression is applicable to reducing the opposing tensile stress, so that 
even though there should be a residual longitudinal compression, it is not likely to be 
large. If we assume this compressive strain to be 2000 lb., this with the normal 60,000 
Ib. will make a net strength of 62,000 lb., which, when averaged with the 40,000 Ib. 
strength of cc, gives an average value for the whole wire of 51,000 lb. | When the cc 
layer of this wire is dissolved in acid, the predominating strains in C, being small 
and radially compressive, will almost entirely disappear, leaving the metal with 
approximately its normal strength of 60,000 lb., which, when balanced against the 
average of 51,000 Ib. for the entire wire, gives 42,000 lb. for the strength of cc, 
instead of 40,000 pound. 

Therefore it seems quite probable that the values attributed by Mr. Harris to 
the various layers tested, as shown in Figs. 7 to 13, have been materially distorted 
by conditions similar to those outlined. Just how much variation from the true 
values one might encounter is largely dependent on the relations that happen to be 
struck between the thickness of the layers dissolved by the acid and the layers sub- 
jected to any particular strain. If cc were removed in two layers instead of one, the 
differences would be lessened by the decreased opportunity for the relief of the internal 
strains in C by the remaining half of cc. On the other hand, if the first layer removed 
took two-thirds of cc, and the second the remainder of cc and an equal amount of 
C, the differences would be increased. 

It would seem necessary then, before dependence can be placed on results of this 
kind, that a method be devised which will take into account the internal strains 
existing in the metal at the time of testing. 


F. W. Harais (written discussion).—In reply to Mr. Roush’s discussion, in which 
‘he brings up the fact that the stresses in the inner portions of the wire are not neces- 
sarily the same before and after removing the outer layers by solution in acid, the 
author would state that this fact was not overlooked; it formed one of the reasons 
for making an exhaustive microscopic study of the internal structures, with a view 
to determining from the orientation of the crystals the major direction of these 
stresses. It would seem that they were largely tensile longitudinally, and compres- 
sive laterally but no attempt was made to measure their amount. Without a com- 
plete knowledge of these internal stresses it would be impossible, of course, to plot 
absolute curves of major stress variations by the method adopted. It is highly possible 
that the existence of heterogeneous stresses of the type illustrated by Mr. Roush may 
be the explanation of the different contours obtained in the author’s curves. 

How close the measured values approach the true ones is an open question, but, 
accurate measurements of the latter by density, length, or volume changes would be 
expected to reveal some very interesting data in this connection. 


Application of a High-vacuum Induction Furnace to the 
Study of Gases in Metals 


By P. H. Bracr* ann N. A. Ziecuer,* East Pirrsspuren, Pa. 


(New York Meeting, February, 1928) 


Tue study of the relations between gases and metals is one of peren- 
nial interest to all who are connected with the production of high-grade 
metallurgical products. The data reported here are the outcome of 
work of which the object is to determine the effects of dissolved gases 
upon the properties of metals and to gain a more detailed knowledge of 
the reactions between gases and molten metals, particularly iron, under 
definitely controlled conditions. 

We have attempted to reduce our margin of error by dealing with 
relatively large quantities of metal, from 4 to 13 lb. (2 to 6 kg.), and keep- 
ing the ratio of refractories to metal as small as practicable. The ingots 
produced are large enough to provide adequate material for making 
determinations of magnetic and other physical properties. 

In choosing the bell-jar type of furnace we were influenced by the 
results of considerable experimentation along the same general line which 
indicated that, for the scale on which we were to work, it was important 
to have the furnace structure independent of the vacuum enclosure. 
The use of a bell-jar surrounding the entire furnace accomplishes this 
and also gives great freedom of observation during operation and ready 
accessibility for the replacements which are necessary after each run. 

Our choice of analytical method was made in the light of the results 
secured by H. M. Ryder, who used a method similar in principle for the 
analysis of very small quantities of gas extracted from strips of metal 
heated electrically in high vacuum. 

We have presented some selected preliminary experimental data as 
being illustrative of the quantity and nature of the gases which occur in 
iron of different origins, but do not urge any hypothesis at this time. 


THE FuRNACE 


Our furnace may be described as ‘“‘a high-frequency induction furnace 
of the bell-jar type.” It is similar in a general way to that deseribed 


by Cain and Peterson! though we have introduced certain refinements of 


* Research Laboratory, Westinghouse Electric & Manufacturing Co 


1 J. R, Cain and A. A. Peterson: A Laboratory High Frequency Vacuum Furnace 
Trans. Amer. Electrochem. Soc. (1925) 48, 139. ; 
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detail which make it possible to reach pressures as low as 0.0002 mm. 
mercury with 13 Ib. (6 kg.) of molten iron in the furnace at a temperature 
above 1600° C. This has been accomplished by constructing the furnace 
entirely of metal and glass, providing vacuum connections of large bore— 
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Fia 1.—GENERAL VIEW OF BELL-JAR HIGH-VACUUM INDUCTION FURNACE. 


1 in. (2.5 em.)—and placing the high-vacuum mercury condensation 
pumps as close as possible to the furnace. 

Power is supplied to the furnace at approximately 10,000 cycles per 
second from a Westinghouse motor-generator set driven by a direct- 
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current motor. Standard Westinghouse oil-insulated condensers are 
tised in series with the furnace coil to compensate for its inductance and 
thus allow the generator to operate near unity power factor. Control 
of the power input to the furnace is secured by adjustment of the speed 
and excitation of the high-frequency generator. The use of a rotating 
generator allows power to be supplied to the generator in a continuous 
flow and not as a series of pulses, as is the case when a spark-gap oscilla- 
tion generator is used. Thus the peak voltages across the inductor 
coil are much lower and few difficulties due to the occurrence of elec- 
trical discharges through the rarefied} atmosphere in the furnace 
are encountered. 


Fic. 2.—H1GH-VACUUM INDUCTION FURNACE AND GAS-ANALYSIS SYSTEM. 


The construction of the furnace is shown in some detail by Fig. 1 
and the general appearance by Fig. 2. The essential parts of the Pirie 
are a water-cooled inductor coil mounted on a water-cooled steel base- 
plate by means of special insulated terminals, and covered by an ordinary 
glass bell-jar ground to fit the baseplate. The leads from the coil and all 
other connections for vacuum, manometers, ete., are brought through the 
baseplate by means of copper tubes soldered to the plate and sealed to 
the glass. The construction of these glass-copper seals is described below 

A typical inductor coil is made from copper tubing approxi ety 
0.25 in. (0.635 em.) I.D. by 0.35 in. (0.89 em.) O.D. flattened to 0.27 in 
(0.685 cm.) and wound on edge to form a helix having approximately 30 
turns and an inside diameter of 5 in, (12.5 em,). Several lengths of 
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copper tubing are required for such a coil and these are joined by machin- 
ing the ends to corresponding internal and external tapers and uniting 
them with silver solder. Perfectly tight joints which withstand the 
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Fic. 3.—CoprEeR TERMINALS USED FOR BRINGING THE ENDS OF THE COIL FROM UNDER 
THE BELL-JAR 


flattening and bending operations can easily be secured if the work is 
carefully done. Ordinary soft-soldered connections are unsatisfactory 


for these joints. 
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The bottom plate was machined from ordinary boiler-plate steel. 
The upper side has a shallow groove for the edge of the bell-jar, and 
recesses are machined on the under side which are covered to provide 
chambers for the cooling water. The baseplate is 15.5 in. (39.4 em.) in 
diameter and 1 in. (2.5 em.) thick. 

The insulated coil-terminal by means of which the water and electrical 
power are brought through the baseplate and into the furnace is shown 
by Fig. 3. Two pieces of copper tubing are machined so that the wall 
thickness at one end of each increases uniformly from less than 0.001 in. 
(0.025 mm.) at the end to 0.008 in. (0.2 mm.) at 1 in. from the end, and 
uniformly from there to the full thickness of the tube wall. 

Hard glass (G-702-P) is then fused inside and out over the thin 
edges thus formed to a distance of approximately 0.5 in. (1.2 em.) from 
the end. The two tubes are then joined by fusing the glass together with 
the opposing edges of the copper approximately 0.5 in. (1.2 cm.) apart. 
In the same way copper connections are fastened to the glass tubing of 
the vacuum system and these copper connections are in turn soldered to 
the baseplate in order to provide reliable vacuum-tight connections 
between the glassware and the furnace. 

The bell-jar is of the usual type purchasable from chemical supply 
houses and is 10 in. (25 em.) in diameter by 19 in. (48 em.) high inside. 
The lower edge is ground to an accurate fit with the steel baseplate, 
using emery and water as an abrasive and rotating the bell-jar to and fro 
in the groove in the baseplate with an occasional lifting and shift of its 
mean angular position. When this work has been properly done a very 
reliable seal can be obtained with a very small amount of stopcock grease 
and without applying pressure other than that due to the atmosphere. 
As an additional precaution, however, a small amount of castor oil is 
poured into the annular channel between the outside edge of the bell-jar 
and the side of the groove in the baseplate. With this set-up it is possi- 
ble to reduce the pressure below 1 X 10~‘ mm. mercury by means of.two 
mercury-condensation pumps in series backed by a Trimount rotary 
oil pump. 

The problem of refractories occupied a great deal of our effort at the 
outset of this work and while they are still the greatest source of difficulty 
and uncertainty we feel that this phase of the problem is reasonably well 
in hand and that no serious errors will arise from this source. 

Fig. 4 shows the type of crucibles and covers that are now in general 
use. Type A is made from the purest obtainable zirconium silicate 
bonded with approximately 10 per cent. of refractory clay and fired at 
approximately 1500° C. Type B was at first made from a refractory 
porcelain similar to that used for pyrometer tubes. This ware was not 
sufficiently refractory, however, and a special ware was developed which 
is composed of a high percentage of pure fused alumina bonded with 
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aluminum silicate. These crucibles withstand temperatures well above 
the melting point of iron without appreciable softening and are also very 
satisfactory as regards the quantity of gas they release on heating. 
Further precautions against evolution of ‘‘stray’’ gas during the 
operation of the furnace consist in keeping all the refractory parts in an 
electrically heated muffle furnace at a temperature of approximately 
1000° C. for several hours prior to use, and assembling them in the furnace 
while still hot in order to drive off as much gas as possible before use and 
to afford as little chance as possible for re-abSorption during assembly. 


Fic. 4.—Crucistes. A, Zircon; B, PorceLain. 


The interior of the bell-jar is carefully cleaned after each run to remove 
the black deposits of vaporized metal which condense during operation 
of the furnace. In some cases a brilliant mirror condenses on the wall 
of the bell-jar opposite the sight tube, and the accumulation is always 
greatest at that point. The metal parts within the furnace, and partic- 
ularly the coil, are cleaned with abrasives at frequent intervals to 
remove the finely divided deposits which accumulate and adsorb appre- 
ciable quantities of gas and moisture, which would be released under 
operating conditions to an unknown and variable extent. 


OPERATION OF THE FURNACE 


The arrangement of the coil and the refractories when set up for 
melting is shown by Fig. 1. A short length of silica or glass tubing, rest- 
ing on the baseplate, supports a porcelain evaporating dish which closes 
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the lower end of the coil and supports the granular fused aluminum oxide 


(R.R. alundum, 20 mesh, from the Norton Co.) which is used as thermal 


insulation and support for the crucible. The granular alumina is poured 
into the dish to the level desired for the bottom of the crucible. The 
crucible is set in concentric with the coil and covered, and alundum is 
poured in to fill the space between the crucible and coil to the top edge 
of the crucible. The heat losses during operation are thus greatly 
reduced and no harm results from cracking of the crucible because the 
granular material forms an effectual barrier for the molten metal. 

The charge is next packed as compactly as possible into the crucible, 
avoiding jamming, however, so that its thermal expansion will not cause 
breakage of the latter. The crucible cover is put in place and alundum 
poured in to cover it to a depth of approximately 1 in. (2.5 em.). The 
turns of the coil are then pried apart slightly, to allow a few granules to 
run between them here and there and thus insulate each turn from the 
next. Loose particles which have fallen on to the baseplate are brushed 
off, the ground surface is wiped clean and the bell-jar, with its ground edge 
coated with grease, is put in place. The furnace is partly evacuated 
and meanwhile the bell-jar is moved slightly to and fro in order to work 
the grease into a thin film and eliminate any air pockets. The external 
annular groove between the bell-jar and baseplate is then filled with castor 
oil and all is in readiness for final evacuation. 

The furnace is exhausted to approximately 2 cm. mercury by direct 
connection to the house vacuum and from there on by means of the 
mercury and oil pumps. Meanwhile steam is passed through the 
inductor coil to heat it above normal operating temperature and thus 
to remove from the coil and charge surface gases and moisture, which 
might otherwise be liberated during operation of the furnace. The 
pumps are allowed to operate with steam passing through the coil until 
the McLeod gage shows a pressure less than 0.001 mm. mercury. This 
requires from 2 to 4 hr., depending largely on the condition of the charge. 
When this is in small pieces, making the surface large, more time is 
required to eliminate these surface gases. Noticeable amounts of gas 
are also liberated from the bell-jar and coil in the early stages 
of evacuation. 

When a satisfactory vacuum has been obtained the flow of steam 
through the coil is replaced by water, circulation of water through the 
bottom plate is established and the melting operation may then proceed. 
The furnace is now connected to the power supply and heating proceeds 
at a rate dependent on the circumstances and the behavior of the charge. 
Gas is evolved from the charge as soon as heating commences and the 
pressure under the bell-jar rises in consequence. If heating is carried 
out too rapidly, the pressure will rise to such a point that electrical 
discharges occur through the gas within the bell-jar because of the fact 
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that the potential across the coil may reach a few hundred volts. A blue 
glow, which is harmless, is frequently present but when this gives way to 
sparking the power input must be reduced in order to forestall arcing 
which might cause damage to the furnace or electrical equipment. 

A condensed log of a typical furnace run is given in Table 1. The 
charge consisted of 3.48 lb. (1.575 kg.) of cleaned electrolytic iron in the 
form of pieces approximately 1 in. (2.5 em.) square and 0.125 in. (0.3 
em.) thick, stacked flatwise in the erucible. | 


TIME 
1:50 
1:55 
2:00 
2:05 
2:10 
2:15 
2:20 
2:25 
2:30 
2:40 
2:45 
2:50 
PANS 
3:00 
3:05 
3:10 
3:15 
3:20 
3:25 
3:30 
3:35 
3:40 
3:45 
3:50 
3:55 
4:00 
4:05 
4:10 
4:15 
4:20 
4:25 
4:30 


TaBLe 1.—Condensed Log of a Typical Furnace Run 
Run 135. Charge: Electrolytic Jron, 1575 Gm. (3.48 Lb.) 
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Charge temp. approx. 700° C. 


Melting commenced. 


Charge molten. 


Power off. 


A complete diagram of the furnace and associated system is shown 
by Fig. 5. A mercury manometer is connected directly to the furnace 
chamber and a McLeod gage is connected to the exhaust tube between 


the furnace and the vacuum pumps. 


A two-way stopcock connected to 
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the manometer tube enables communication to be established between 
the furnace chamber and either one of two outlets. In mid-position 
both passages are closed. This provides means for rapidly removing the 
major portion of the air from the furnace when starting a run and also 
allows for the admission of desired gases during the operation of the 
furnace. A ground plug with two tungsten leads sealed through is 
provided to allow for the installation of a thermocouple within the 
bell-jar and to bring its leads outside for connection to a pyrometer. 
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Fia. 5.—APPARATUS FOR ANALYSIS OF GASES EXTRACTED FROM MOLTEN METALS 


ANALYTICAL SYSTEM AND PROCEDURE 


Reference has already been made to Fig. 5 in connection with the 
portions of the vacuum system immediately associated with the furnace 
as distinguished from the analysis system proper. We will now describe 
the analysis system and its manipulation, with reference again to Fig. 5. 

Toepler Pump.—This is in effect a pneumatically driven pump with a 
mercury “piston”? which sweeps the volume of the upper bulb, A, in 
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response to changes of air-pressure applied to the mercury in the bulb 
B. The gases discharged from the second-stage extraction pump are 
admitted to the upper bulb of the Toepler pump by way of stopcocks 3A 
and 5A. Atmospheric pressure is applied to the mercury in the lower 
bulb and stopcock 5 turned to position B and the gases forced into the 
storage reservoir through stopcocks 7A and 8A. The Toepler pump is 
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Fic. 6.—CoMBUSTION BULB. 


also used to withdraw gases from the storage reservoir, to circulate them 
through the absorption trap and combustion bulb, and in general for 
handling them during analysis. 

Combustion Bulb.—The location of the combustion bulb in the analyti- 
cal system is shown by Fig. 5 and the details of its construction by Fig. 6. 


It consists of an approximately spherical glass bulb’ provided with three 
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radial side tubes 90° apart and in the same plane. The opposite tubes 
serve as inlet and outlet respectively. A conical helix of platinum wire 
is supported opposite the inlet tube by an assembly which is introduced 
through the intermediate side tube and is mounted on a plug which fits 
on a ground seat in the outer end of the side tube. This joint is made 
tight with stopcock grease, and it was necessary to water-jacket it to 
avoid leakage due to softening of the stopcock grease by heat from 
the filament. 

Primary Condensation Trap.—The primary condensation trap (No. 
1, Fig. 5) consists of an elongated bulb into which is sealed a concentric 
tube reaching nearly to the bottom, with outlets from the central tube 
and external bulb. The annular space between the bulb and the tube is 
loosely packed with glass wool. Gases to be condensed are passed 
downward through the central tube and up through the annular space 
where the glass wool assists in retaining any condensate which may have 
been precipitated as mist or snow. Arrangements are made so that 
containers with liquid air, CO, snow or water may be brought up from 
below to immerse the trap and thus bring it to a desired temperature. 

Expansion and Measuring System.—This portion of the system 
includes a secondary condensation trap (No. 2, Fig. 5), two “standard 
volume” bulbs of which the cubical capacities are accurately known, and 
a system manometer (No. 3). The manometer indications, together 
with knowledge of the connected volume, are used to calculate the 
amounts of gas in the measuring system. A McLeod gage (‘System 
McLeod Gage,” Fig. 5) is connected to the analysis system to enable the 
measurement of low pressures and thus determine when the latter has 
been cleared of gas prior to the introduction of a fresh portion to 
be analyzed. 

After a given gas has been condensed in the primary trap, the Toepler 
pump is operated to pump residual gas into the primary storage reservoir 
until the pressure in the primary trap and expansion system is 0.001 
mm. mercury or less. The primary trap and the expansion system are 
then isolated and the coolant is removed from the primary trap and 
placed about the secondary trap, thus causing the condensed gases to 
evaporate from the former and condense in the latter. When the 
transfer is complete the expansion system is isolated, the coolant is 
removed from the secondary trap and the condensate allowed to expand, 
first into the known volume including the trap and system manometer 
No. 3 and limited by stopcocks 11 and 12 and, in some eases to be dis- 
cussed below, into successively larger known volumes made available 
by opening stopcocks 12, 11, and 10, in the order named. The quantity 
of gas in the expansion and measuring system is known from the readings 
of the system manometer No. 3 and the volume of the region in which 
expansion has taken place. 
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Reagent Reservoirs.—Two sets of reservoirs (H and F, Fig. 5) are 
provided to store purified gases, usually oxygen and hydrogen for use in 
connection with the analytical procedure. The volumes of these reser- 
voirs are known and they are provided with manometers so that the 
quantity of gas available as well as the amounts withdrawn may be 
determined quantitatively. 

Scavenging Pumps.—Two mercury pumps (G, Fig. 5) in series with an 
oil pump are provided to remove gases from the analytical system, and 
if necessary, from all other parts of the system. Gas fractions which 
have been isolated and measured are thus removed from the analytical 
system, to make way for subsequent. operations. 


ANALYTICAL PROCEDURE 


Let us assume that a furnace run has been carried to completion; 
i.e., to such a point that the rate of gas evolution from the furnace has 
become inappreciable as judged by the fact that the pressure indicated 
by the manometer attached to the storage reservoir has remained con- 
stant over a considerable period of time during which the Toepler pump 
has been operated systematically to force any gas received from the 
furnace into the storage reservoir. 

The mixture of gases to be expected from a normal furnace run will 
contain H2, Ne, O2, CO, COs and H,O. We have not attempted to 
analyze for SO2 as yet. We will assume that such a mixture is to be 
analyzed, that it is all in the storage reservoir and that all other parts 
of the analytical system beyond stopcocks 3B and 4A have been pumped 
well below 0.001 mm. by means of the scavenging pumps. 

The first step is to remove the H.O by circulating the contents of the 
storage reservoir through the primary condensation trap while the latter 
is immersed in CO» snow, by way of the circuit through stopcocks 84, 
7A, 5B, 5B, 7B, 13, 16, 84. When removal of H,.O vapor is complete as 
shown by constancy of the indication of the storage manometer, stopcock 
16 is closed and the residual gases pumped into the storage reservoir by 
means of the Toepler pump. Pumping is continued until the system 
McLeod gage shows a pressure below 0.001 mm. mercury. Under these 
conditions the amount of CO2 condensed with the water amounts to 
approximately 0.4 per cent. of the latter. 

Stopcocks 7, 9, 10, 12 and 13 are now closed, boiling water is placed 
about the primary trap and the CO: snow is transferred to the secondary 
trap, causing the H.O to evaporate from the primary trap and condense 
in the secondary trap. The transfer is complete in approximately half 
an hour and then stopcock 11 is closed, 12 is opened, and boiling water 
is placed about the secondary trap to cause the condensed water to 
evaporate. Evaporation will continue until all the water has vaporized 


556 APPLICATION OF A HIGH-VACUUM INDUCTION FURNACE 


or until the pressure in the volume available for expansion has risen to 
approximately 20 mm. mercury, corresponding to the vapor tension of 
water at ordinary temperatures. 

The system manometer (No. 3) is then read, the volume available 
for expansion increased by opening stopcock 11 and another manometer 
reading taken when the pressure has become constant. If liquid water 
still remains, this reading will differ little if any from the first, and 
additional increases in available volume must be made by opening stop- 
cocks: 13 and 10 successively until the manometer shows a permanently 
lowered reading, indicating that all the waterisintheform of vapor. From 
the succession of manometer readings and knowledge of the volumes 
of the various portions of the system, a series of values for the amount of 
water vapor are calculated, and the highest is taken as correct. 

The next step is to reject the water vapor by opening stopcock 14, 
which connects the analysis system to the scavenging pumps; this com- 
munication is maintained until the system McLeod gage shows a pressure 
less than 0.001 mm. mercury. 

Next, COs is isolated from the residual mixture, which has meanwhile 
been retained in the storage reservoir, by following a procedure which 
differs from that just described for water only in the following particulars: 
that liquid air instead of CO» snow is used for cooling the traps, and that 
because of the high vapor tension of CO, at ordinary temperatures, its 
quantity can be determined from the first reading of manometer No. 3 
and the successive increases in available expansion volume are unneces- 
sary except as a means of guarding against possible errors of observation 
or calculation. The difference between the pressures in the storage 
reservoir before and after condensation of the CO» furnishes an additional 
check on the results obtained from the direct measurement described. 

The gaseous residue now remaining in storage contains Hy, Ne, Ox» 
and CO, and the next step is to cause combination of the combustible 
gases with the oxygen present. The filament of the combustion bulb is 
brought to a bright red heat and the Toepler pump is operated to circu- 
late the gases from the storage reservoir through the combustion bulb 
and primary trap by way of the circuit through stopcocks 84, 7A, 5B, 7A, 
8B, 9, 13, 16. Meanwhile, the primary trap is cooled with CO, snow 
and any H,O which has been produced by reaction in the combustion 
bulb is thus trapped, measured and rejected as described above. The 
remaining gas is again circulated with liquid air at the trap and any CO, 
produced is determined as before. 

We now have in the storage reservoir a gaseous mixture of Ne with 
either O. or Hs and CO and have no means of knowing with certainty 
whether it is the oxygen or the combustible gases that are present. At 
this point we make use of one or the other of the gases from the reagent 
reservoirs, and the choice is a matter of judgment. In general, if water 
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and considerable quantities of CO, have been produced in the combustion 
bulb, it will be expected that, except for nitrogen, the residue will be 
oxygen rather than hydrogen or CO. Assume that oxygen remains, 
that the residual gas mixture has been transferred by the Toepler pump 
to the storage reservoir, and that all other parts of the storage system 
have been freed from gas by means of the scavenging pumps. 

A volume of hydrogen equal to twice that of the gas mixture already 
in the storage reservoir is introduced into the latter by means of the 
Toepler pump by way of stopcocks 17, 6, 5A, 5B, 7A, 8A. This will 
triple the pressure indicated by the reservoir manometer (No. 4). This 
quantity of hydrogen will be sufficient to combine with all the oxygen 
present in the extreme case of there being but inappreciable quantities 
of Nz present, and no CO. Stopcocks 16 and 8A are now closed, the 
system outside the storage reservoir is exhausted by means of the scaveng- 
ing pumps; the gas mixture in the storage reservoir is circulated through 
the combustion bulb and primary trap (No. 1) as before, and the prod- 
ucts of reaction estimated and rejected, using CO2 snow as coolant for 
the traps. E 

If no water has been formed, it must be assumed that nitrogen only, 
or else a mixture of nitrogen with hydrogen, CO, or both, was present 
before the reagent hydrogen was added. The water resulting from the 
reaction is then a measure of the oxygen in the residue prior to the 
introduction of the reagent hydrogen, Hz, and CO were presumably 
absent and the final residue after subtracting the uncombined hydrogen 
is nitrogen or other inert gas. In either case, a final check is made by 
returning the last uncondensed residue to the storage reservoir, adding 
an equal volume of reagent oxygen by following a procedure similar 
to that used in the case of the reagent hydrogen, carrying out com- 
bustion as previously, and measuring the reaction products condensed 
by CO, snow and liquid air respectively. 

If only water is formed, it indicates that our original surmise as to 
the nature of the residue over and above nitrogen was correct. Other- 
wise both water and CO, will be formed and from our knowledge of 
these quantities, those of the added reagents, that of the residue just 
before adding the reagents, and that of the final residue now in hand, 
we can calculate the composition of the residue which was last in the 
storage tank before any reagent gases were added, the composition of 
the final residue, and hence the total composition of the mixture with 


which we started. 


DETERMINATION OF Gases IN METALS 


The determination of the gases evolved from a given sample of 
metal involves not only the analysis of the total quantity of gas collected 
during the furnace run but also a knowledge of the gases liberated from 
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other parts of the furnace and in particular from the crucible and other 
refractories used to contain the molten metal. Our practice, as has 
already been noted, is to pre-treat all the refractory parts at a tempera- 
ture near 1000° C. for several hours before use and to assemble them 
while hot and proceed with evacuation immediately in order that there 
may be as little opportunity as possible for re-absorption of moisture 
and other gases from the air. It was recognized that the above treat- 
ment did not remove all absorbed gases, and that at the temperatures 
which we expected to reach when dealing with iron and iron alloys, 
serious errors might be caused by further evolution of gases unknown 
as to nature and amount. 

In order to reduce this source of error to a practicable minimum, 
several runs were made for which the furnace was set up in the usual 
way and in which the charge consisted of a cylinder of sheet molybdenum 
which was fitted as closely as possible to the walls of the crucible. After 
a preliminary run to degasify the molybdenum, another set-up was made © 
to determine the gases released from the refractories, assuming that the 
amount coming from the small amount of degasified molybdenum would 
be negligible as compared to that from the fresh refractories. 

A second method, and one which was used in connection with our 
work on iron, was carried out as follows. A set-up was made in the 
usual way, using preheated refractories and cleaned iron. The opera- 
tion of the furnace was carried out as usual, although the heating period 
was somewhat prolonged in order to insure complete degasification of 
the iron. The melt was allowed to solidify in the crucible and the 
extraction pumps were kept in operation continuously until the metal 
was cold. The ingot was removed, cleaned, and used as the charge in a 
second run with a new set of refractories. The gases evolved in the 
second run were presumed to come from the refractories, inasmuch as 
great care had been taken to complete the degasification of the iron. 
Four such “blank”? determinations were made, of which the results are 
shown by Table 2. 
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TaBLE 2.—Tests of New Refractories to Determine Gases Evolved 


ae hides enene Gases Evolved, Cubic Centimeters 
No. of Charge Material Z : ? | 
H:20 CO:z CoO O2 He | No Total 
= —— a 3 nae of 
114 | Electrolytic iron Zircon Tol ALOT | S505 59.3 8.1) 2127 
116 | Electrolytic iron | Zircon 1S Seo Near 44.3 | 10.6 | 102.7 
142 | ** Armco ingot iron’’| Alumina-aluminum | 10.9 | 7.5 | 24.6 | 0.4 52.0 5.8 | 101.2 
silicate 
144 | ‘‘Armeo ingot iron” | Alumina-aluminum 35 me OO 24. Omit eG) 52.4 4.7 97.5 
silicate 
Averagesic. wes! cncinc 952 8.5 | 28.2 1 0.35 | 52.0 they Nt alter 
Sh 
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These data are fairly consistent. The averages from these four 
runs were used as the corrections to be applied to the results of runs 
made to determine the gas content of metal samples when operating 
with similar refractory conditions. The correction, which usually 
totaled approximately 10 per cent., was made by subtracting the aver- 
ages from the corresponding totals found for the gases from the melt 
being considered. In the data presented below only the corrected 


totals are given. 
' 


Gases from Tron 


The data shown by Table 3 were obtained by melting a 1200-gm. 
charge of cleaned electrolytic iron deposited from a mixed chloride- 
sulfate bath. The chemical analysis was as follows: carbon, 0.032 per 
cent.; silicon, 0.005; sulfur, 0.004; phosphorus, 0.004; copper, 0.018; 
lead, nil; manganese, nil; nickel, nil. 


TABLE 3.—Gases from Electrolytic Iron 


Cubi Den Cente PeriGent! Per Cent. Per Cent. 
Gas Contianters at Volaue of Weight gt ote Saale 
Evolved of Charge of Charge moslwed meclead 
ERO) reon ahs saree 10.8 6.9 0.0007 Dai ile 
COR Ss Be ae oetee 66.9 42.9 0.0103 16.8 26.0 
GO) eae 287.9 184.5 0.0295 U2 oe 70.4 
(ORGS. Dees 5.3 3.4 0.0006 1.3 1.5 
Hee ee oS, 2iSu | 17.8 0.0001 LY) 0.4 
Nig, cick Soecueee ie See tee Nil Nil Nil Nil Nil 
| i 
Re eee OS. 7 od 4255.5 0.0424 | 100.0 100.0 
pe ee 


The results of a similar run on Armco ingot iron are given by Table 
4. The material was in the form of commercial hot-rolled plates approx- 
imately 0.25 in. (0.63 cm.) thick. Prior to melting, it was cleaned by 
grinding off all scale on a dry carborundum wheel and sheared cold to 
convenient sizes for charging. Chemical analysis gave the following 
results: carbon, 0.0123 per cent.; manganese, 0.025; sulfur, 0.019; 
phosphorus, 0.005; silicon, traces; chromium, traces. 

If the data of Tables 3 and 4 be compared, some interesting observa- 
tions can be made. The electrolytic iron evolved a certain amount of 
water, while none was recovered from the Armco iron. This is in line 
with the fact that electrolytically deposited metals often contain inclu- 
sions of electrolyte. On the other hand, appreciable quantities of 
nitrogen were obtained from the Armco iron sample and none from the 
electrolytic iron. The total volume and the total weight of gas evolved 
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from the electrolytic iron are approximately 25 per cent. greater than from 
the Armco ingot iron, and this is also in line with expectations based on 
the known characteristics of the two materials. 


TasLeE 4.—Gases from Armco Iron 


cable... | Ber Gent, | Facet | Rei | of atat 
2 t olume (9) . 
shi clea ‘of Charge of Charge A Ae pte na 
H.0O. nil nil nil nil nil 
CORR ett eta (P28) Ziel 0.0067 14.4 20.8 
CO7m 389.6 145.5 0.0236 viens 73.3 
OWA Oe 225 Lae 0.0002 0.6 0.6 
Helse aetna 10.3 3.9 0.00005 Drak 0.2 
Na SORES cpeca le, 28.0 11.0 0.00164 | 5.8 Sick 
| 
oualsaneec ee 503 .0 188.6 0.0322 100.0 100.0 
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Samples of electrolytic iron and of Armco ingot iron were treated 
as follows: 

1. Melted and degasified in usual manner. 

2. Maintained molten for 2.5 hr. under purified hydrogen at one 
atmosphere and flowing at a rate of 500 ¢.c. per min. 

3. Cooled in hydrogen flow. 

4. The hydrogen-treated ingot placed in new set-up, remelted and the 
evolved gases analyzed. 

The data obtained from these two sets of runs have been condensed 
to form Table 5, which shows the quantities of the elements Ox, He, Nae, 
and C evolved at each stage of the procedure in terms of the weights and 
volumes of the charges used. Study of these data will show some 
interesting facts: 

(a) The total weight of elements removed from the electrolytic iron 
was approximately 70 per cent. greater than from the Armco ingot iron 
and their volume was 65 per cent. greater. 

(b) Nitrogen was evolved from the Armco ingot iron but not from 
the electrolytic iron. 

(c) Considerable quantities of gas were recovered from the electro- 
lytic iron by the second degasification while the Armco ingot iron yielded 
no measurable amounts. This fact is of particular interest but cannot be 
definitely explained at this time. 

Another fact of considerable interest has been noted; namely, that 
for both electrolytic and Armco ingot iron the weights of carbon and 
oxygen eliminated as gas during vacuum degasification bear an approxi- 
mately constant ratio to one another and to the total quantity of gas 
eliminated. This condition has been observed with a number of heats 
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and for widely different initial conditions. Typical data are shown by 
Table 6. 


TaBLE 5.—Elements Evolved as Gas from Iron by Degasification, Hydrogen 
Treatment and Repeated Degasification 


Elements Evolved — 
Oz H N 
Ma- A entiient Per Cent. Per Cent. Per Cent. Per Gant! Pen Cont. 
terial of Charge of Charge of Gharge of Charge of Charge 
Weight] Yo | Weight] ime | Weight | tc | Weight] Ye | Weight) tng 
4 ‘ 

8 Vacuum degasifi- 
&B CAMO rcmiaasaits 0.0263 142.1/0.00024) 24.7) 0.0159 
s Hydrogen treat- 
> MONG ce s5ce Se 0.0651 349.8 
é Vacuum degasifi- | | 
8 Cation). oo<.cice ec. 0.0352)/180.1/0.00056| 70.2 0.0229 
a Total. toc acess se > 0.1267|672.0.0.00080) 94.9 0.0388 0.1663)766.9 
a Vacuum degasifi- 
3} BATMOM yeos ss cise 0.0186 101.0)0.00005) 3.9)0.00164) 11.0)0.01194 
S Hydrogen treat- 
a] WIGS Sc ss 5 ee 0.0642) 346.0) 
8 Vacuum degasifi- 
g CEWIOD cur ske es 
<a De Te Bae Beker 0.0827 447.00.00005| 3.9,0.00164 11.0,0.01194 0.0964|461.9 
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TasLE 6.—Relation between Oxygen and Carbon Removed as Gas from 
Electrolytic and Armco Ingot Iron 


8 83888888 8 008 


Weight Percentage of 
Total Gas : 
Melt Initial Condition of Charge : woe 
As As 
Carbon | Oxygen 
140 | Electro. iron cleaned previously...........-- 37.3 62).1 0.60 
121 | Electro. iron oxidized while molten with oxygen 37.5 60.5 0.62 
136 | Previously hydrogen-treated while molten....| 38.9 59.8 0.67 
139 | Previously hydrogen-treated while molten....| 38.4 59.1 0.65 
141 | As received, cleaned.........-----+-e+-e-5: Sia Wf 0.65 
143 | As received, cleaned..........---+++---+-+- 37.5 56.7 0.66 
Se ee eee 


These results are quite surprising when it is remembered that both 
the total quantity and the relative amounts of the components of the 
gas mixtures differed widely. 


THEORY 


Very few results have been published on the solubility of gases in 
iron as related to temperature. For that reason the theory of the 
physical and chemical reactions going on in molten iron is not well 
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established and the details of the complicated reactions are very obscure. 
The complexity of the situation will be realized when we consider the 
number of physical and chemical possibilities, of which the following 
are only a few: 

1. Reaction of gases with iron. 


2. Reaction of gases with iron oxide. 
3. Solution of gases in iron, 
4. Solution of gas-iron compounds. 
5. Temperature effects on equilibrium of chemical reactions. 
6. Temperature effects on solubilities. 
4% 1 
~~ 
so iu w 
ae g 
o& G 
0.18} -S Pe +] | 
lett cs a hae led 
SPs moe. hs x 
3} 
: 0.14 r i ah 
ie 0.10 | = | ° 
oe | 
= 006—+—W Pet 
ir ae Adee 
2° I UE 
é& 0.02}—1 ! 
0 enced beetle eel 
\4s oe 28 239 ef $n 3! 


Time 
Fic. 7.—PRESSURE-TIM re, R yi 5 
me aSs ME CURVE, Run No. 135. 


This is aside from the effects of metallic elements other than iron, 
which would still further complicate matters. Of the many who have 
worked in the solubility of gases in various metals, Sieverts of Germany? 
has done valuable work. Much credit is also due Iwasé, of Japan,* who 
has obtained some very interesting data on the solution of odsen by 
various metals as related to temperature. His work with iron showed 
that its solvent power for H, and Ny» increased linearly with the temper- 
ature and that the slopes of the solubility temperature curves changed 
abruptly at 910° C., corresponding to the alpha-gamma transformation 


2 A. Sieverts: Zur Kenntnis der Okklusion und Di i 
ver ‘ ‘ iffusion yon Gas 
Metalle. Zeitschr. phys. Chem. (1907) 60, 129. Se 


3K. Iwasé: Equilibrium between Iron, Carbon and j 
betwee 7 © d Oxygen. Sci. Re; 
Imp. Univ. [1] (1926) 15, 511. He siecle 


Occlusion of Gases by Metals and Alloys in Liquid and Solid States. Jbid.. 531 
: 5 é 
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where the atomic arrangement changes from body-centered cubie to face- 
centered cubic. 

If we plot the time-pressure curve (Fig. 7) for our furnace during a 
run in which the temperature has been increased as uniformly as possible, 
_ we find that the pressure rises to a sharp maximum just before the charge 
begins to melt, indicating that the rate of gas evolution has increased 
very markedly. This phenomenon is interesting when considered in 
the light of Iwasé’s data, which show an abrupt increase in the solubility 
of gases coincident with the change of atomic arrangement from body- 
centered cubic to face-centered cubic, and it is not unreasonable to 
suppose that a reversion to a body-centered ‘arrangement would result 
in decreased solvent power and cause the rejection of gases from solid 
solution coincident with the gamma-delta transformation which occurs 
at 1410° C., a temperature which corresponds approximately to the 
upturn of the pressure-time curve noted above. At this temperature 
diffusion of gas through the metal could take place relatively easily 
and gases rejected on account of change in the solvent power of the 
metal would be promptly released. The approach to the maximum 
pressure on our curve covers some little time interval, but this would be 
expected from the fact that the charge is not quite uniformly heated, 
hence some portions will pass through the transformation range earlier 
than others. 

The foregoing explanation of the high rate of gas evolution from 
iron, which we have found to occur just before melting, is not put forward 
as an established fact but as an interesting possibility, and more critical 
experimentation must be done before definite statements are made. 


CoNCLUSION 


1. A high-frequency vacuum furnace has been constructed capable 
of melting 13 lb. (6 kg.) of iron and maintaining it at temperatures above 
1600° GC. under a pressure less than 0.0005 mm. of mercury. 

2. An analysis system has been constructed for analyzing quantita- 
tively the gases from the furnace with respect to H2, Ne, Oz, CO, COz 
and H.O. The separation of the mixtures into their components is 
accomplished by selective condensation and combustion and volumetric 
_ measurements for estimating quantities. 

. 3. The technique of furnace operation and gas analysis has been 
described. 

4, Experimental data showing the results obtained from the analysis 
of gases from iron are presented and certain consistencies are pointed 
out. Peculiarities of the relation between the rate of gas evolution 
- from iron as related to temperature are tentatively explained on the 
basis'of the changes in its atomic structure, which occur at approximately 


900° C. and 1410° C. 
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DISCUSSION 


L. Jorpan and H. C. Vacurr, Washington, D. C. (written discussion).—Our 
experience at the Bureau of Standards for the past several years in the development 
and application of vacuum fusion methods for determining gases in metals makes this 
contribution by Messrs. Brace and Ziegler of very great interest. We can well appre- 
ciate their statement that the refractories ‘‘were the greatest source of difficulty 
and uncertainty.” 

In our first attempts to work out a satisfactory vacuum fusion method for oxygen 
and hydrogen‘ we fused iron and steel samples in refractory oxide crucibles. We 
anticipated difficulty in making oxygen determinations with such a method of melting 
from the probable reactions between the refractory oxides of the crucible and the 
carbon or iron carbide in solution in the metal sample, with the resulting decarburiza- 
tion of the melt and the evolution of oxygen (as carbon monoxide) whose source was 
the crucible rather than the metal sample. 

We found that decarburization of a 0.25 per cent. carbon steel did take place when 
fused in vacuum in the high-frequency induction furnace in crucibles of magnesia, 
alumina, alumina bonded with silica, or alumina bonded with zirconium silicate. <A 
crucible of zirconium oxide bonded with alumina, and fired in such a manner as 
probably to have a surface largely of carbide, was the most promising of those tested, 
in that the 0.25 per cent. carbon steel held molten for approximately 3 hr. in this 
refractory lost only 0.02 per cent. carbon. Even this crucible was unsatisfactory 
with higher carbon steels. 

Brace and Ziegler, of course, have worked with irons of still lower carbon content, 
cathode electrolytic iron containing 0.032 per cent. carbon and Armco ingot iron 
containing 0.012 per cent. carbon. We believe, however, that even in these cases 
they have actually extracted and determined the CO and CO, resulting from reaction 
between the carbon of the iron samples and the oxides of the containing crucibles. 
This is indicated by the data they give in Table 5 on the carbon evolved in gases 
expressed as per cent. of the iron sample. It will be noted in this table that, in the ee 
of the electrolytic iron, the first vacuum degasification resulted in the evolution’ in the 
gases of 0.016 per cent. carbon. After the intervening hydrogen treatment, the 


4L, Jordan and J. R. Eckman: Gases in Metals. II. The Determination of 


Oxygen and Hydrogen in Metals by Fusion in Vacuum. Bur. of Stds. Sci. Paper 
514 (1925). 
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second vacuum degasification yielded even more oxygen than did the first vacuum 
fusion; the carbon content of these gases was 0.023 per cent. and this amount, added 
to the carbon evolved in the first fusion of the sample, gave 0.039 per cent. total 
evolved carbon, which is all the carbon present in the original electrolytic iron sample. 
The reduction of the crucible refractory and the evolution of oxygen therefore con- 
tinued as long as carbon remained in the iron. 

The reason for the Armco iron sample failing to yield any measurable amounts of 
gas in the second vacuum degasification (following the hydrogen treatment) would 
appear to be that the first vacuum melting of this sample evolved 0.012 per cent. 
carbon and the original carbon of the sample was pregisely that value, 0.012 per cent. 
There remained, therefore, no carbon to bring about reduction of the crucible refrac- 
tories in the second vacuum fusion. The reduction of the crucible refractory and the 
evolution of oxygen therefore ceased as soon ag carbon ‘was eliminated from the iron 
sample. More oxygen may still remain in the sample. 

In the procedure used for the determination of ‘‘blanks” (Table 2) it should also 
be assumed that decarburization of the iron samples took place in the initial vacuum 
degasification. This decarburization may well have been quite complete, even in the 
case of the electrolytic iron, since it is stated that “the (initial) heating period was 
somewhat prolonged in order to insure complete degasification of the iron.” The 
amounts of gas evolved by the remelting of these carbon-free charges in new refractories 
may represent the gases adsorbed by the refractories but cannot correctly represent 
the gases liberated from the crucible by reaction with the carbon of the melt in the 
actual determinations with fresh samples. 

Further, it seems doubtful, at least in the absence of any mention of blanks for the 
“hydrogen treatment,” if all the oxygen evolved from the electrolytic and Armco irons 
by hydrogen treatment (Table 5) can be regarded as gas present in the original iron 
samples. It may in part represent reduction of crucible oxides. It has been our 
experience in melting pure metals at temperatures of 1500° to 2000° C. that such oxides 
as magnesia and zirconia, like silica, are readily reduced when the melting is carried 
out under hydrogen. Alloys, rather than pure metals, are the result and one would 
expect to find water vapor in the hydrogen gas passing over the melt. 

As a result of the great difficulty in eliminating reactions between samples and 
oxide crucibles we have been led to accept as a more satisfactory procedure the fusion 
of the iron sample in a graphite crucible. Fusion of the sample in contact with 
carbon does not, of course, permit attaching any significance to the relative amounts 
of CO, and CO evolved. The results of such analyses are expressed simply as per cent. 
by weight of oxygen, hydrogen, and nitrogen in the metal. 

We have also found that analysis by fusion in graphite determines more completely 
the oxygen in a mild steel or a pure iron than does vacuum fusion of the same steel or 
iron in a refractory oxide crucible. 

Assuming a complete removal of carbon from the steel sample during fusion in 
vacuum, further elimination of oxygen from the metal by continuing the heating 
under a pressure of 10-4 mm. of mercury (assumed to be a pressure due to oxygen) 
should not be expected. The solubility of oxygen in pure iron at 1600° C. is about 
0.30 per cent. equivalent to 1.35 per cent. FeO.5 The dissociation pressure of FeO at 
that temperature has been calculated as of the order of 10-* mm. of mercury. There- 
fore the removal of oxygen should not proceed even in a saturated solution of FeO 
in pure iron by melting under a pressure of the order of the minimum reached by 
Brace and Ziegler. Iron containing less than the saturation value of FeO would have 


5C. H. Herty, Jr. et al.: Min. and Met. Investigations, Bull. 34, Carnegie Inst. 


Technology (1927). ’ 
6R. 8. Dean: Theoretical Metallurgy, 159. 1924, New York, J. Wiley & Sons. 
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a correspondingly lower equilibrium pressure of oxygen and could not be made 
oxygen free. 

It may also be pointed out that the work on vacuum fusion methods for determin- 
ing gases as carried on by the late Professor Oberhoffer and his coworkers in Germany 
during the past 10 years has also progressed from fusion of the sample in an oxide 
crucible? with the determination of CO and COs, through a modified method in which 
an iron-carbon alloy was added to the sample, still in an oxide crucible, with the 
determination simply of total oxygen,’ and ultimately has come to the fusion of the 
sample in a graphite crucible? with the results of analyses expressed as oxygen 
and hydrogen. 


C. 8. Wirnerei, New York, N. Y. (written discussion).—It can be seen that the 
authors of this instructive paper were mainly concerned with the quantity and compo- 
sition of the gas found in a particular class of iron and it appears, in order to satis- 
factorily accomplish their investigation, they were forced to devise a special furnace 
for the purpose. However, as is evident from the title, the authors recognize the 
value of the furnace for the study of gases in other metals. 

To those who have to do with the refining of copper, it will occur that here is a 
method and a device for definitely determining the composition of the gas that 
appears in overpoled copper. Probably, the thought has already occurred to 
the authors. 

What this gas is, has always been a question. Skowronski, in his paper on 
Relation of Sulfur to the Overpoling of Copper,'!® probably throws the most light on 
the subject, but, so far as I know, the gas itself has not yet been caught and analyzed. 
I would suggest to the authors that they undertake this interesting and valuable 
investigation. They are better fitted to do so than anyone else; they have the special 
furnace, means of producing copper overpoled under refinery conditions, and the 
experience in manipulating their apparatus. 

The phenomenon of swelling of overpoled copper upon freezing is due largely to 
the tacky or viscous nature of the deoxidized molten copper at its freezing point; the 
minute bubbles of liberated gas failing to coalesce rise slowly and fail to escape before 
the complete solidification of the copper takes place. Under these conditions the 
freshly poured bar of overpoled copper retains considerable gas, but it is possible 
that in time most of the originally contained gas escapes from the solid bar, hence, 
for purposes of investigation it is important to extract the gas shortly ‘after pouring. 
A 13-lb. chunk such as the authors intimate can be melted in their furnace should 
contain quite an appreciable amount of the gas in question. 


EK. W. Feir, Aachen, Germany (written discussion).—I have read with great 
interest the paper of Messrs. Brace and Ziegler, particularly as some research com- 
menced with the late Prof. Paul Oberhoffer of the Naumann-Institut fiir Eisenhiitten- 
kunde der Technischen Hochschule at Aachen, upon the influence of gases in metals, 
especially oxygen in steel, resulted in my constructing a high-frequency induction 


7 Ps Oberhoffer and A, Beutell: Die Bestimmung der Gase im Eisen. Stahl und 
Hisen (1919) 39, 1584. 

*H. Strauch and P. Oberhoffer: Bestimmung des Sauerstoffs nach dem Heis- 
sextraktionsverfahren. Stahl wnd Eisen (1925) 45, 1559. 

* A private communication from Prof. W. Hessenbruch, in the course of a recent 
comparison of the fusion methods used at the Bureau of Standards and at the Institut 
fiir Hisenhiittenkunde at Aachen [See Bur. of Stds. Tech. News Bull. 128 (December, 
1927)] states that this latest modification of the method will be published shortly in 
Stahl und Hisen, 

” Trans. (1919) 60, 312. 
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vacuum furnace somewhat similar to that of the authors though differing in cer- 


tain aspects. 

' Tt was required to prepare iron-oxygen and iron-oxygen-sulfur alloys in quan- 
tities up to about 3 lb. (1500 gm.) under conditions of high purity. The fur- 
nace constructed, of which a sketch is shown in Fig. 8, has operated well.!! The 
connection with the vacuum pumps, the measuring pipette for introducing gases into 
the evacuated bell-jar and with the revolving drum (provided with window for obser- 
vation and for optical temperature measurement of the bath) used for dropping solids 
into the melt, passed through the water-cooled head of the glass bell-jar. The remain- 
ing furnace connections passed through the thick glags base plate of the furnace, being 
suitably fixed to the plate with vacuum cement consisting of water-free glycerin 
and litharge. 
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Fic. 8.—VACUUM HIGH-FREQUENCY FURNACE CONSTRUCTED BY KE. W. FEuy: 


This type should prove a useful laboratory appliance where suitable high-frequency 
current is available, in view of its varied uses. The induced current causes a strong 
circulation of the molten metal bath, thus bringing about a thorough mixing action. 
This is also particularly favorable when for alloying purposes the material to be added 
to the melt is present as gas on the surface of the molten bath, or in the case when 
solids are to be dropped into the bath. A typical experiment in which 34 |. of oxygen 
was passed into the evacuated bell-jar containing molten electrolytic iron (550 gm.) 
and allowed to remain in contact with the molten metal for 15 to 30 min. resulted in 
an increase in oxygen content in the iron in the cold state of 0.137 per cent. 

The entire furnace was covered during operation by a large wooden box as shield 
against flying glass in case of accident. The writer has recently heard of a furnace of 
this type proving dangerous owing to an explosion of the glass bell-jar. 

W. Hessensrucn, Aachen, Germany (written discussion).—The value of this very 


interesting work lies in the experiment to remove larger amounts of gas than is gener- 
ally done in the proper methods of analysis. The difficulties increase greatly with the 


11 For further details see Arch. d. Eisenhiittenw. (1927-28) 10, 659. 
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increasing weight of the samples. However, under these circumstances, it does not 
seem to me to be necessary to work with such an extraordinarily large apparatus. 
Anyone who has ever determined gases in metals knows that the simplicity and 
suitability of the experimental arrangements should be as great as possible, in order 
to obtain reliable results. The large internal surface of the entire apparatus is a 
constant source of error in view of the fact that the quantities of gas are passed 
through it first moist, and then dry. The paper does not state how the numer- 
ous parts of the apparatus were connected. According to my experience, the connec- 
tion with vacuum tubing is not sufficient for this purpose. 

It is incomprehensible why the authors completely excluded the chemical analysis 
of the amounts of gas; aside from the extraordinarily long time for the method of 
determination used (estimated time at least 8 to 10 hr.) it is absolutely impossible to 
keep all parts of apparatus in which gases are measured, at the same temperature, and 
especially where there are very low temperatures in the vicinity of the gas produced. 
For the unobjectionable measurement of the amounts of gas, the gas temperature 
would have to be measured each time. The deviations mentioned, in the measure- 
ment of the same amount of gas in different spaces, must be traced back to this to 
some extent. 

A further disadvantage of the pure physical method is the fact that we do not 
know exactly which gases have been condensed. The data obtained by the authors, 
that 0.4 per cent. carbon dioxide is condensed with the water, shows these difficulties 
very plainly. The final calculated amounts of hydrogen and carbon monoxide must 
be determined from three different measurements for each. As there is an error in 
each reading, in my opinion the accuracy suffers on account of the large number of 
measurements. I can hardly believe that liquid iron gives off elementary oxygen. 
The amounts indicated probably come from the furnace. The carbon dioxide and 
carbon monoxide also do not come from the iron, as many investigators have shown.” 
It is a case of reaction gases that form in larger amounts the more carbon and oxides 
are present simultaneously. It is incomprehensible why the formation of carbon 
monoxide or carbon dioxide has not led to the disappearance of the carbon or the 
oxygen as it should theoretically. It is seen, from melting experiments with electroly- 
tic iron in a current of hydrogen, that during this treatment oxygen is given off, and 
upon subsequent melting oxygen and carbon were given off (0.35 per cent. oxygen, 
0.023 per cent. carbon). On heating for the second time after treatment with hydro- 
gen, Armco iron no longer gave off carbon and oxygen. Here it seems that the pre- 
vious treatment with hydrogen removed either all of the oxygen or all of the carbon. 
It is not clear why no hydrogen at all was found. 

The determination of the empty value of the crucible is not sufficiently reliable. 
The amounts of gas coming from different crucibles varied greatly and represent one- 
fourth to one-fifth of the gases coming from the metal. Thus the empty value must 


4 Ki. Piwowarsky: Der Zeitpunkt der Siliziumgabe in seiner Wirkung auf die 
physicalischen Higenschaften und den Gasgehalt von Martin-fluheisen. Stahl und 
Eisen (1920) 40, 773. 

E. Maurer: Festschrift d. K. W. Gesellschaft Berlin (1921) 146. 

P. Oberhoffer and E. Piwowarsky: Zur Bestimnung der Gase in Eisen. Stahl und 
Hisen (1922) 42, 801. 

IP, Oberhoffer, i. Piwowarsky, E. Pfeiffer-Schiess] and H. Stein: Uber Gas und 
Sauerstoffbestimmungen in Kisen, ins besondere Gussiesen. Stahl und Hisen (1924) 
44, 113. 


P. Klinger: Die Bestimmung der Gase in Eisen und Stahl. Stahl und Eisen 
(1926) 46, 1245, 1284, 1353. 
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depend greatly on the carbon content of the metal, as at 1600° this reacts with the 
refractory oxides in vacuum.!8 

The assumption that the increased liberation of gas before melting depends on a 
decreased solubility at the A, point, contradicts my experience. The strong evolution 
of gas is explained only by the diffusive power increasing strongly below the melting 
point. I would like to suggest that the authors check the results obtained in a physical 
method by a chemical analysis of the gas, either gravimetrically or volumetrically. 


C. E. Prumer, New York, N. Y.—Our experiences at the Union Carbide & 
Carbon Research Laboratories confirm the recent statement that the refractory 
materials do play an important part in the study of gases in metals. We have found 
that a reaction takes place between the molten metal and crucibles made of either 
aluminum oxide or magnesium oxide. Our laboratory was the first to install the 
vacuum fusion method as developed by Jordan and Eckman at the Bureau of 
Standards for the determination of gases in metals. During the development of the 
method, various oxide crucibles were used and were found to react with thé carbon 
present in the steel. Graphite is used when the total oxygen content of a metal 
is desired. 

Some time ago we had occasion to determine the oxygen content of a sample of 
copper containing silicon and copper oxide. Although the copper was melted in a 
vacuum in a graphite crucible, all the oxygen was not removed as carbon monoxide, 
but part was recovered as silica on the surface of the frozen ingot. The copper oxide 
was not all reduced, probably due to the insolubility of carbon in copper. 
Undoubtedly, the copper oxide was reduced only where the molten metal came in 
contact with the walls of the hot graphite crucible. The silicon also acted as a 
reducing agent, forming silica on the surface of the copper. 

We made up a series of low-carbon alloys, containing varying amounts of chromium 
and iron. These alloys were made using electrolytic chromium and electrolytic 
iron and were melted in magnesium oxide crucibles. Although no difficulty was 
encountered in making low-carbon alloys, the chromium was found to be badly 
oxidized and thus partly lost during the melting. Several tenths ofa per cent. of 
carbon were added to several heats, with the result that the alloy was found to contain 
less than 0.01 per cent. carbon. The ingots were allowed to freeze in the crucible 
and in each case were covered with chromium oxide. Since the alloys were melted 
quickly in vacuo, we were led to believe that the chromium reduced the magnesium 
oxide. Small amounts of manganese, silicon and zirconium were added, but none of 
these was recovered in the finished heat. 

These few remarks are made in order to show why we believe that molten metal 
reacts with the crucible and gives results different from what might be expected. 


R. C. Dauzett, Baltimore, Md.—We have started at Harvard University an 
investigation of factors affecting absorption of gases in refined copper. This was 
undertaken at the request of the American Smelting & Refining Co., which is cooperat- 
ing very closely with the metallurgical department of the university in this work. 
Attention will be confined almost entirely to items of practical value. As progress is 
made, it is intended to present the results to the Institute in the form of a series 
of papers. 

P. H. Brace and N. A. Ziecier (written discussion).—The authors will agree. 
with Mr. Plummer as to the tendency for reaction to take place between the crucible 
material and the components of the melt, particularly carbon, and feel as he does that 


13], Jordan and J. R. Eckman: Op cit. 4 
W. Hessenbruch and P. Oberhoffer: Sauerstoff in Eisen und Stahl. Arch. d. 
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this may be a source of serious error in some cases. There are two ways to deal with 
this problem: first, to choose a crucible material such that reactions will go to comple- 
tion; second, to arrange matters so that reactions will be reduced to a point where their 
effects will be unimportant. Jordan and Eckman have chosen the former method. 
They were interested primarily in estimating the total content of gaseous elements, 
and carbon provided an effective means for displacing gases from combination as well 
as solution. We chose the latter method because we were particularly interested in 
obtaining direct correlation between the quantities of gas present as such and peculiar- 
ties in the physical properties of the samples of metal which we melted. Hence the 
use of a graphite crucible was out of the question because the properties of all alloys 
that will dissolve carbon, even to a small extent, are markedly affected by the presence 
of this element. Our problem therefore has been to establish conditions such that 
reaction between crucible and melt would be least rapid, and we feel at this time that 
the best means of accomplishing this is to proceed as far as practical difficulties will 
permit along the lines noted below. 

(1) Reduction of gas pressure in furnace chamber. 

(2) Increase of chemical stability and refractoriness of crucible material. 

(3) Increase of ratio of weight of metal to weight of refractories and contact area 
of metal and refractories. 

We believe that the importance of a good vacuum is not generally recognized. 
Oxidation of iron will occur at pressures below 0.001 mm. of mercury, and we strive to 
_ keep the final pressure in our furnace down to 0.0001 mm. of mercury. The gas pres- 
sure in the furnace appears to have a direct bearing on reactions between the crucible 
and the melt. For example, silica may be brought to fusion in a graphite crucible 
without appreciable reaction if the graphite has been thoroughly degasified and if the 
heating is done in a high vacuum. It appears probable that the marked oxidation 
which occurred in the case of Mr. Plummer’s chromium alloys was due to some defect 
in his pumping or vacuum system, rather than to the reduction of the magnesium 
oxide of his crucible. We base this view of the matter on the fact that we have pre- 
pared, from practically carbon-free raw materials, ingots of high-chromium alloy 
which showed no evidence of oxidation. 


Corrosion of Metals as Affected by Time and by 
Cyclic Stress* 


By D. J. McApam, Jr.,{ ANNApo.is, Mp. 
(New York Meeting, February, 1928) 


Part I. OurTLine oF INVESTIGATION, DESCRIPTION OF MATERIAL AND 
METHODS - ar 


Resvtts of investigation of corrosion-fatigue of metals at the U. S. 
Naval Engineering Experiment Station, Annapolis, Md., have been 
discussed by the writer in several recent papers.!:?:*:4 In those papers 
references were also given to the work of Haigh in 1917. Efforts by 
the writer to obtain a better understanding of some of the factors involved 
in corrosion-fatigue finally developed into a general investigation of the 
effect of time and cyclic stress on corrosion of metals. 


Corrosion-fatigue of Metals 


As described in the papers mentioned, rotating-cantilever specimens, 
conically tapered so that the stress is nearly uniform over a length of 
about 1.5 in., were subjected to simultaneous fatigue and corrosion. 
For this purpose a stream of water was diagonally applied so as to sweep 
the specimen from the outer to the inner fillet and surround the stressed 
surface with water. The fresh water is a calcium carbonate water, the 
composition of which has been given in a previous paper.’ The salt 
water is Severn River water having a saline content about one-third that 
of sea water. 

The previous papers described results obtained with ferrous and non- 
ferrous metals. The experiments showed that even slight corrosion 
simultaneous with fatigue may cause failure at nominal stresses far 


* Published by permission of the Secretary of the Navy. 

+ Metallurgist, U. S. Naval Engineering Experiment Station. 

1D. J. McAdam, Jr.: Stress-strain-cycle Relationship and Corrosion-fatigue of 
Metals. Proc. Am. Soe. Test. Mat. (1926) 26, 224. 

2D. J. McAdam, Jr.: Corrosion-fatigue of Metals as Affected by Chemical 
Composition, Heat-treatment and Cold Working. Trans. Am. Soc. Steel Treating 


(1927) 11, 355. 
3D. J. McAdam, Jr.: Corrosion-fatigue of Non-ferrous Metals, Proc. Am. Soc. 


Test. Mat. (1927) 27, Pt. 2. 
4D. J. McAdam, Jr.: Fatigue and Corrosion-fatigue of Metals, 
Congress for Testing Materials, Amsterdam, September, 1927. 
5B. P. Haigh: Experiments on the Fatigue of Brasses. Jnl. Inst. Metals (1917) 
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below the ordinary endurance limit. It was also shown that severe 
stressless corrosion prior to fatigue is usually much less damaging than» 
even slight corrosion simultaneous with fatigue. The relative effect of 
prior stressless corrosion on the fatigue limit, however, varies with the 
electrolytic potential of the alloy. The term ‘‘corrosion-fatigue” has 
been restricted to mean the simultaneous action of fatigue and corrosion. 
The action of corrosion followed by fatigue has been called ‘prior- 
corrosion fatigue.” 

A stress-cycle graph representing corrosion-fatigue is a curve approach- 
ing a horizontal asymptote, which may be called a ‘‘corrosion-fatigue 
limit.”’ It was shown in the previous papers*:‘ that the corrosion-fatigue 
limit apparently depends more on electrochemical than on physical 
properties. Chemical composition, heat-treatment, and cold working 
have little effect unless there is a corresponding change in corrosion- 
resistance. The corrosion-fatigue limit seems to depend chiefly on 
corrosion resistance. 

A tentative analysis of the corrosion-fatigue process was given by the 
writer in a preceding paper.4 According to this analysis, if the initial 
stress is below the endurance limit, but above the corrosion-fatigue limit, 
the corrosion-fatigue process is divided into two stages. The first stage 
is the formation of pits. As the stress is below the endurance limit, 
such pit formation is evidently due to electrolytic solution pressure; not 
to fatigue. . The electrolytic solution pressure that causes the pitting, 
however, is an enhanced solution pressure due to cyclic stress. The 
apparent enhancement of solution pressure by cyclic stress may be due 
in part to continual breaking of the surface film, but may also be due in 
part to actual increase in solution pressure due to the stress. Whatever 
may be the reason, a metal behaves as if its solution pressure were 
increased by eyclie stress. Of this the phenomena of corrosion-fatigue 
are evidence. 

As the pit progresses there is intensification both of actual stress and 
solution pressure. The intensification of stress is due to the usual 
stress concentration at an abrupt change of section. The intensification 
of solution pressure is due to the intensification of stress. 

The mutual intensification of solution pressure and stress continues 
until the actual stress at the advancing edge of the pit surpasses the 
endurance limit. The second stage in corrosion-fatigue then begins. 
This second stage is merely fatigue accelerated by corrosion. In this 
stage the crack advances at a continually accelerated rate until the 
specimen breaks. 

The interrelationship of the two stages of corrosion-fatigue depends 
largely on the depth and sharpness of the pits formed in the first stage. 
The depth and sharpness of the pits depend not only on the natural sus- 
ceptibility of the alloy to corrosion-pitting (the electrolytic potential is 
usually an index of this susceptibility) but also on the influence of cyclic 
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stress on corrosion-pitting. Little has heretofore been known about the 
influence of cyclic stress on corrosion-pitting, therefore an investigation 
of this subject was started at the Naval Engineering Experiment Station. 


Outline of Continued Investigation : 


In this investigation of the effect of cyclic stress on corrosion, the 
stresses used were below the corrosion-fatigue limit. The results of the 
investigation, therefore, should lead to a better understanding, not only 
of corrosion-fatigue, but also of the behavior*of metals under ordinary 
service conditions, in which the cyclic stresses do not exceed the corrosion- 
fatigue limit. Though the alloy under such conditions does not fail, this 
fact gives no assurance that the factor of safety is not greatly reduced. 

In this paper the effect of corrosion on the fatigue limit is the effect 
that has been given chief consideration. Using the fatigue limit of the 
corroded specimen as a criterion, an investigation has been made of the 
effect of time and cyclic stress on corrosion. 

Specimens were corroded at various cyclic stresses from zero to the 
corrosion-fatigue limit, for various times, and at various cycle frequencies. 
They were then oiled en subjected to fatigue in air. Each experiment, 
therefore, consisted of two stages, a pitting stage and a agus stage. 
Such experiments may be called “‘prior-corrosion-fatigue”’ tests. In a 
prior-corrosion-fatigue test the nominal stress in the pitting stage is 
usually lower than in the fatigue stage. In this respect a prior-corrosion 
fatigue test differs from a corrosion-fatigue test. 

In future discussion of prior-corrosion fatigue the pitting stage will 
be called the “first stage’’ or ‘‘stage 1;’’ the fatigue stage will be called 
the ‘‘second stage”’ or “‘stage 2.” 

In these prior-corrosion fatigue tests, as in the corrosion-fatigue tests 
described in previous papers,!:?** the specimens were corroded in a 
water stream, which was diagonally applied so as to surround with water 
the tapered portion of the specimen. In stage 1 the specimen usually 
was revolved at 1450 r. p.m. In some experiments, however, the speci- 

men in stage 1 was revolved at lower speed. In stage 2 the specimen 
was revolved at 1450 r. p. m. 

In addition to these prior-corrosion ae tests, Pacinary fatigue and 

corrosion-fatigue tests were made with each material. 


Machines and Specimens 


The rotating cantilever machines and specimens have been described 
in previous papers.®7 The conically tapered specimen is so designed 


6D. J. McAdam, Jr.: Endurance of Steels under Repeated Stress. pan Met. 
Eng. (Dec. 14, 1921) 25, 1081. 
bes e Me Me sdasa Jr.: Endurance Properties of Alloys of Nickel and of Copper. 
Trans. Am. Soc. Steel Treating (1925) 7, 54, Phill, tspeiile 
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that the maximum stress is 
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TABLE 2.—Heat Treatment 
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Alloy pMaterial | to's | Held | Cooled | Reyented) Tiny | Cooled 
Deg. F. | Min. we Deg. F Min. in 

Chrome vanadium steel....... tAZ-0-7.5 1575 60 Oil 750 60 Furnace 
Chrome vanadium steel....... tAZ-0-10 1575 60 Oil 1000 60 Furnace 
Chrome vanadium steel....... tAZ-15.75 1575 60 Furnace 
Medium chromium-high nickel 

Birecl toes whale gas caslenred *HS As received 
Stainless steels... joc. secs: GS-0-10.75 1800 60 *Oil 1075. 120 Air 
Stainless steel). ss. ccs ese GS-0-12 1800 60 Oil 1200 120 Air 
Boniniess steel. << asvaelevs sie GS-17 1700 60 Furnace 
Aluminum bronze, rolled...... IA As_ received |. , 
Monel metal, cold-drawn...... IU-8 800 180 Furnace 
78:21 Copper-nickel _cold- 

WOPRKEG jo aemycn8 otis mucus exon HE-4 400 180 Furnace 
78:21 Copper-nickel  cold- 

WOrked opr tent cck: Rae emerdad HE-14 1400 60 Furnace 
97:3 Copper-nickel, cold-drawn §ID As received 
Copper, electrolytic cold- 

WMOBKGG sists os cia.c tae Saito a ede ane | HF-2.5 250 180 Furnace 
Copper, electrolytic hot-rolled EE-12 1200 60 Furnace 
Aluminum, hard temper....... | tIMB As received 
Aluminum-manganese, hard 

SETH DCES spats. hp 5) cote 01s, poh scee- 5s 8 TILB As received 


t Previously heated to 1700° F., held 60 min. and cooled in air. 
- * Annealed by manufacturer. 
§ Some specimens were annealed at 600° F. in order to relieve internal stress. 
tically no difference in physical properties. 
+ Heat treated by manufacturer. 


There was prac- 


in Table 1. Trade names, except those that are in universal use, have 
been avoided and each material has been designated by a combination 


of letters. - 


Heat Treatment 


Details of heat treatment are given in Table 2. 


Tension and Charpy Tests 


Results of tension and Charpy impact tests are given in Table 3. 
In this table, “elastic limit’’ means the highest stress that leaves no 
appreciable permanent deformation after removal of the load. ‘‘ Proof 
stress’? means the stress that results in a permanent deformation of 
0.0001 in. per inch of length after removal of the load. 
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Part II. Errecr or Cyciic StTrREss ON CORROSION OF CHROME- 
VANADIUM STEEL 


Fatigue and Corrosion-fatigue of Chrome-vanadium Steel 


In Fig. 1 are shown results of numerous prior-corrosion fatigue tests 
of chrome-vanadium steel. For comparison, fatigue and corrosion- 
fatigue graphs for the same material have also been included; these graphs 
are taken from a previous paper. To avoid obscuring results of prior- 
corrosion fatigue tests, individual results of fatigue and corrosion-fatigue 
tests have been omitted, and the results have been represented only by 
stress-cycle lines. Fatigue of uncorroded specimens is represented by 
the heavy solid lines A, and corrosion-fatigue in fresh water is represented 
by the broken lines B. 

Fig. 1a represents fully annealed material. Fig. 1c represents material 
that was drawn at a comparatively low temperature after quenching, thus 
producing a steel of spring temper. Fig. 1b represents material that was 
drawn at a higher temperature. Details of heat treatment are given in 
Table 2 and physical properties are given in Table 3. 

Each series of graphs has its own logarithmic scale of abscissas, which 
is indicated by figures along the graph. Tor all three series the scale 
of ordinates is the same. Beside each stress-cycle graph there are 
indicated some of the strength values as determined by tension test. 
These are represented by the following symbols: tensile strength, T. S.; 
Johnson’s limit, J. L.; proof stress, P. S.; elastic limit, E. L.; proportional 
lmmtePab: 

The fatigue graphs A as usual are curves descending toward a hori- 
zontal asymptote, the endurance limit. As usual, the endurance limits 
of the quenched and tempered steel are considerably higher than that of 
the fully annealed steel. For the hardest steel, AZ-0-7.5, however, the 
ratio of endurance limit to tensile strength (endurance ratio) is some- 
what lower than for materials AZ-0-10 and AZ-15.75. 

The corrosion-fatigue graphs B also are curves descending toward a 
horizontal asymptote, the corrosion-fatigue limit. It will be observed 
that the corrosion-fatigue limit is considerably lower for the quenched 
and tempered steel than for the fully annealed steel. As has been 
pointed out in previous papers,!:?:3:4 the corrosion-fatigue limit of steels, 
except low-carbon steels, is not improved, but may actually be lowered 
by heat treatment. j mii 

For the spring steel, AZ-0-7.5, the fresh-water corrosion-fatigue limit 
is only about one-fifth the endurance limit. The rapidity with which 
corrosion-fatigue manifests itself with steel of this kind is illustrated by 
the steep descent of the corrosion-fatigue graph B between abscissas of 
100,000 and 2,000,000 cycles, which corresponds to a range of time from 


1.25 to 24 hr. 


me 
‘ < 
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Sraan 1 Srresses AND CycLeEs 


i 


Fig. la Fig. 1b | Fig. 1c 
Fresh Water Fresh Water Fresh Water 
sree) Ekttte | sgraten [OT | tee | oyaton, | | Bee | crete, 
Bat ns Millions Sa. 7 Millions | Bq, in, Millions 
A 11,000 20.2 A Zero 20.0 A Zero 20.0 
B 11,000 19.8 B Zero 20.1 B Zero 20.0 
C 15,000 20 72 Cc 2,500 20.4 C 2,000 20.4 
D 2,500 19.8 D 2,500 21.2 D 6,000 2147 
E Zero 20.0 E 2,500 20.4 E 6,000 20.4 
r 11,000 20.2 F 5,000 22.1 F 6,000 22.6 
G 15,000 20.0 G 5,000 20.3 G 8,000 20.1 
i 11,000 21.0 H 6,000 20.2 H 8,000 22.6 
I 11,000 20TP NEE 6,000 20.3 I 8,000 21.6 
J 20,000 2ORGHeTS 7,000 | 20.9 J 9,000 20.8 
K 19,000 | 206 | K 7,000 21.2 K 10,000 | 20.4 
L 20,000 20.5 L 7,000 21.3 L 10,000 20.1 
M 18,000 20.1 M 7,000 19.7 M 10,000 22.3 
N 6,000 19.8 N 7,000 | 20.4 N 10,000 20.0 
O 6,000 20.8 O 9,000 22.3 O 10,000 20.1 
Ip 2,500 20.8 de 9,000 20.2 Vee 10,000 20.0 
Q 6,000 19:2 D rteng Q 9,000 20.3 Q 10,000 20.8 
R 8,000 Gs MASS 9,000 20.0 R 10,000 21.2 
Ss 9,000 20.1 | 3S 13,000 22.0 
ae 9,000 | 20.8 Ji 13,000 74) lea) 
U_ | 18,000 21.6 U 13,000 19.8 
V 13,000 2097 V 13,000 20.6 
|. W, | 13,000 19.8 W 13,000 20.2 
x 18,000 20.5 
Y | 13,000 20.3 
Z | 13,000 | 20.7 
a | 13,000 | 20.0 | 
b §1°15,000') 19.6.| 
| e | 15,000: |. 20.6 | 
| 8 | 15,000 20.6 | 
| h | 15,000 | 20.4 | 
| Mets | 11,000 | 19.4 | 


Effect of Stressless Corrosion 

Hach small square or inverted triangle in Fig. 1 represents by its 
position the result of the second or fatigue stage of a prior-corrosion 
fatigue test. Hach square represents the result of stressless corrosion 
followed by fatigue in air. During corrosion the specimen was revolved 
at 8 r. p.m. in a stream of fresh water. In the subsequent fatigue test it 
was revolved at 1450 r. p.m. The small numerals beside each square 
indicate the corrosion time in days. Each zigzag line shown in these 
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figures represents the course of a prior-corrosion fatigue test in which 
the stress was raised at intervals until the specimen failed. The lower 
end of the zigzag line represents the original stress and the number of 
cycles endured at this stress. The course of the line represents the stress 
increases and the cycle intervals at which these increases were made. 

Through each series of squares representing approximately the same 
corrosion time, a dotted line has been drawn. The distance of this dotted 
line below the heavy solid line A is a measure of the effect of prior stress- 
less corrosion for the time indicated. It will be observed that the effect 
of one day’s stressless corrosion is relatively large. With increase in 
corrosion time, however, the effect of-each additional day becomes less. 
Beyond about 10 days the effect of increase in corrosion time is evidently 
slight. It should be noted that 10 days’ corrosion time corresponds 
approximately to the abscissa, 20,000,000 cycles, at which the corrosion- 
fatigue graph B becomes approximately horizontal. (At 1450 r. p. m., 
the cycle frequency used in obtaining the corrosion-fatigue graph, each 
day’s time corresponds to about 2,000,000 cycles.) For this steel, 10 
days’ stressless corrosion lowers the fatigue limit about half as much as 
does corrosion-fatigue for the same time. 


Effect of Prior Corrosion at Stresses Varying from Zero to the Corrosion- 
fatigue Limit 


The small inverted triangles in Fig. 1 represent results of prior- 
corrosion fatigue tests in which the stage 1 stress varies from zero nearly 
to the corrosion-fatigue limit. The position of each triangle represents 
the result of a stage 2 test. Adjacent to each triangle is a key letter. 
The same key letter in a list accompanying Fig. 1 indicates the stage 1 
stress and number of cycles. | 

In stage 1 the specimens were revolved at 1450 r. p. m. in a stream of 
fresh water for approximately 20,000,000 revolutions; about 10 days’ 
time. With increase in corrosion time, as stated above, the increase in 
effect of corrosion would be very slight. By corroding the specimens, 
therefore, for a constant time of 10 days, but at various stresses, the 
influence of all other variables except stress has been minimized. 

Each light solid line in Fig. 1 is a stage 2 graph corresponding to a 
definite stage 1 stress, which is indicated by the number at the right of the 
line. It will be observed that the light solid line designated ‘‘ ZeYO,’ * and 
representing the effect of stressless corrosion at 1450 r. p. m., is slightly 
above the corresponding dotted line representing the effect of stressless 
corrosion for the same time at 8 r. p. m. The corrosion conditions were 
possibly less severe in the former case than in the latter. This may have 
been due to some difference in the adjustment of the water stream in the 


two different machines. 
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The uppermost stage 2 graphs in Fig. 1 are curves with horizontal 
asymptote and nearly parallel to the endurance graph A. As the stage 2 
graph is lowered, however, the slope at the left becomes steeper, the lower 
portion becomes more nearly horizontal, and the connecting curve 
becomes shorter. The graph now resembles, and actually is, a graph 
obtained with notched specimens. The difference in form between these 
stage 2 graphs and the corrosion-fatigue graph B is due largely to the fact 
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that each of the former graphs represents constant corrosion time, whereas 
the latter graph represents varying corrosion time. 

As the stress in stage 1 increases, the fatigue-limit stress in stage 2 
decreases. The two stresses would abides meet and coincide at the 
corrosion-fatigue limit. As illustrated in Fig. 1, however, the descent of 
the stage 2 graph with increase in the stage 1 stress is not uniform or 
regular. As shown in Fig. Ic, the position of the stage 2 graph is lowered 
very little with increase in tid Stage 1 stress from zero to 6000. With 
increase of the stage 1 stress from 6000 to 8000, the descent of the stage 2 
graph is much greater. With further increase in the stage 1 stress from 
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8000 to 10,000 the descent of the stage 2 graph is still greater. An 
increase from 8000 to only 9000 in the stage 1 stress has more than twice 
as much effect on the stage 2 graph as does an increase of the stage 1 
stress from zero to 6000. Above 9000 or 10,000, further increase in 
the stage 1 stress to 13,000 or 14,000 has little effect on the position of the 
stage 2 graph. At, and just below, the corrosion-fatigue limit the stage 
2 graph evidently again becomes sensitive to slight changes in the 
t 
el 
mal 
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LOGARITHMIC SOALE 
STEEL AS AFFECTED BY CYCLIC STRESS. 


Fig. 1b shows a similar irregularity in the descent of the stage 2 
eraph with increase in the stage 1 stress. The stage 2 graph is relatively 
insensitive to changes in the stage 1 stress between zero and 5000 or 6000, 
is evidently very sensitive to changes in the stage l stress between 7000 
and about 11,000, and is insensitive to changes in the stage | stress 
between about 11,000 and 15,000. dood ; 

Fig. 1a shows a similar, but more striking irregularity in the behavior 
of the fully annealed steel. With increase of stage 1 stress from zero to 
6000, the stage 2 graph is lowered very little. With increase of stage 1 
stress from 6000 to 11,000, the stage 2 graph descends nearly to the cor- 
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rosion-fatigue limit. With further increase of stage 1 stress by several 
steps from 11,000 to 20,000, the position of the stage 2 graph is prac- — 
tically unchanged. 

The three sets of stage 2 graphs in Fig. 1, therefore, agree in indi- 
cating that there is a surprising irregularity in the descent of the stage 
2 graph with increase in the stage 1 stress from zero to the corrosion- 
fatigue limit. Reasons for this irregularity will be discussed later. 


Relationship between Stress in Stage 1 and Nominal Fatigue Limit in 
Stage 2 


Relationship between stage 1 and stage 2 is illustrated by Fig. 2. 
In this figure, abscissas represent stage 1 stresses and ordinates represent 
the stage 2 nominal fatigue limits as taken from Fig. 1. The abscissa 
scale is twice the ordinate scale. In addition to the three graphs repre- 
senting chrome-vanadium steel, Fig. 2 contains other graphs, which 
will be described later. 

As explained above, at the corrosion-fatigue limit the stage 1 stress 
and the stage 2 fatigue limit are the same. For this reason each point 
(marked L in Fig. 2) representing a corrosion-fatigue limit is so placed 
that its abscissa and ordinate have the same value. A little consideration 
will show that the descent of each graph below the point L is nearly 
vertical. The abscissa at the lower end of each graph for steel in Fig. 2 
js the same as the ordinate of the corresponding corrosion-fatigue graph 
in Fig. 1 at an abscissa of 20,000,000 cycles. At this stress a specimen 
tested in water for 20,000,000 cycles would fail. As, for such a specimen, 
there would be no stage 2, the corresponding ordinate in Fig. 2, is zero. 
Examination of the corrosion-fatigue graphs in Fig. 1 shows that the 
ordinate at 20,000,000 cycles is only slightly above the corrosion-fatigue 
limit. Hence the abscissa at the lower end of each graph in Fig. 2 is 
only slightly greater than the abscissa at the corrosion fatigue limit L. 
As stated above, therefore, the course of each graph in Fig. 2 below L is 
nearly vertical. 

The three graphs for chrome-vanadium steel in Fig. 2 illustrate 
the relationship between stage 1 stress and stage 2 fatigue limit. 
The origin of each graph represents the fatigue limit after 10 days’ 
stressless corrosion. As indicated in the figure, the origin of each graph 
is considerably below the point representing the endurance limit. As 
each graph extends to the right, the slope is at first slight, but gradu- 
ally increases until between abscissas of about 6000 and 10,000 the slope 
is steep. Between abscissas of about 8000 and 9000 the three graphs 
are steepest, the graph for material AZ-0-7.5 being nearly vertical. Each 
graph then reverses its curvature, turns outward until it becomes nearly 
horizontal and remains so for a distance that is much greater for the 
fully annealed than for the quenched and tempered steel: As it nears 


eee 
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the point L representing the corrosion-fatigue limit, the graph again 
begins to curve downward. Below the point L it is nearly vertical. 

The qualitative agreement in form of these three graphs makes it 
evident that the complicated form represents a real relationship between 
the stress in stage 1 and the fatigue limit in stage 2. Possible reasons for 
the abrupt reversal of curvature after the first steep descent of each 
graph will be discussed later. 


Relation between: Cyclic Stress in Stage 1, and Stress Concentration in 
Stage 2 


As the lowering of the fatigue limit by corrosion pitting is evidently 
due to stress concentration it seemed desirable to study the relation 
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between cyclic stress in stage 1 and the resulting stress concentration 
due to corrosion pitting . 
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Assuming that the actual endurance limit of the metal at the bottom 
of a corrosion pit remains unchanged, the ratio of the actual stress at the 
bottom of the pit to the nominal stress in the specimen may be obtained 
by dividing the fatigue limit of the uncorroded specimen by the fatigue 
limit of the pitted specimen. This ratio will be called the “stress-con- 
centration ratio.” In this calculation of the stress-concentration ratio 
there is an error due to neglect of the decrease in effective diameter of 
the specimen due to pitting. In specimens of the size used in this investi- 
gation, however, this error is evidently small. 
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Fia. 3.—RELATION BETWEEN CY CLIC STRESS IN STAGE 1 AND STRESS CONCENTRATION 
DUE TO CORROSION PITTING, FOR VARIOUS METALS. 


In Fig. 3, abscissas represent stage 1 stresses and ordinates represent 
stress-concentration ratios. The axis of abscissas represents the stress- 
concentration ratio (1.0) of uncorroded specimens. Although each 
graph in Fig. 3 resembles somewhat an inversion of the corresponding 
graph in Fig. 2, the proportions of the different parts of the graph in the 
two figures dittet greatly. This is due to the fact that with decrease in 
the ordinate in Fig. 2 slight ordinate variations represent increasingly 
great variations in stress concentration. The graphs in Fig. 3, therefore, 
reveal some relationships that are not so clearly revealed in Fig. 2 
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As indicated by the graphs for chrome-vanadium steel in Fig. 3, the 
stress concentration increases as the steel becomes harder. With increase 
in stage 1 stress, the stress concentration rises slowly at first. The 
rapidity of the rise increases, however, until at a stage 1 stress of about 
8000 or 9000 for all three steels, the rate of increase of stress concentra- 
tion is very great. With further increase of stage 1 stress the rate of 
increase of stress concentration slackens abruptly until the rate is small 
for quenched and tempered steel and is practically zero for the fully 
annealed steel. This reduced rate of increase of stress concentration 
continues until at a stage 1 stress near the corrosion-fatigue limit the 
stress concentration again begins to rise rapidly? 


Possible Causes of Complexity of Graphs in Figs. 2 and 3 


Depth Limitation of Notches—The increase in stress concentration 
with increase in stage 1 stress to about 9000 would naturally be attributed 
to an increase in depth of corrosion pits.. This conclusion is confirmed by 
visual examination, although such examination has not kept pace with 
the fatigue experiments. Ata stage 1 stress of about 9000 or 10,000, the 
pits change abruptly from the round shallow form, which is found after 
stressless corrosion, and become sharp, relatively deep notches perpen- 
dicular to the direction of cyclic stress. This critical stage 1 stress 
therefore may be called the ‘notching stress” or ‘notching limit.” 

The observed slackening in the rate of increase of stress concentra- 
tion with increase of stage 1 stress above the notching limit would natu- 
rally be attributed to a slackening in the rate of increase of notch depth. 
Such a tendency to depth limitation might be due to the increasing 
column of solid products of corrosion through which the corroding liquid 
must diffuse to reach the advancing edge of the notch. It seems probable 
that there is such a tendency to depth limitation and that the depth 
limit for any alloy depends on the character and adherence of the cor- 
rosion products. 

For chrome-vanadium steel in contact with the fresh water used in 
these experiments the depth limit is evidently reached before (through 
stress concentration) the actual stress at the bottoms of the notches 
reaches the endurance limit. Failure, therefore, does not occur at the 
notching limit. To cause failure the nominal stress must be raised above 
the notching limit until the actual stress at the bottoms of the pits 
reaches the endurance limit. Under these conditions, therefore, the 
corrosion-fatigue limit is above the notching limit. 

Influence of Calciwm Carbonate on Depth Limit.—In discussing a 
previous paper? by the author, Mr. Bayliss pointed out that from the 
carbonate water used in these experiments calcium carbonate is deposited 
on steel, and that this deposit has a decided protective effect. It seems 
possible, therefore, that the notch-depth limit for the chrome-vanadium 
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steels used in these experiments is less than it would be if a fresh water 
relatively free from carbonate had been used. Possibly in contact with 
water free from carbonate, the notch-depth limit would be great enough 
to permit the actual stress at the notching limit to reach the endurance 
limit. Under such conditions, the corrosion-fatigue limit and the notch- 
ing limit would coincide. 

As shown in a previous paper‘ the corrosion-fatigue limit of a carbon 
steel in salt water is about 7000 or 8000. This limit is very near the 
notching limit for chrome-vanadium steel in contact with carbonate 
water. It seems possible, therefore, that for steel in contact with salt 
water the corrosion-fatigue limit is at the notching limit, whereas for 
steel in contact with carbonate water the corrosion-fatigue limit is 
considerably above the notching limit. This would explain the fact that 
for steels in contact with carbonate water the corrosion-fatigue limit is 
much higher than for steels in contact with salt water. The fact that 
for non-ferrous metals in contact with carbonate water the corrosion- 
fatigue limit is little if any higher than for these metals in contact with 
salt water, may be explained on the assumption that an adherent, 
protective carbonate film is not formed on non-ferrous metals. 

Effect of Thickness of Specimens.—For thin specimens the intrinsic 
depth limit of notches would probably be little if any greater than for 
the relatively thick specimens used in the above described experiments. 
Owing to the effect of decreasing section of the specimen with increase in 
depth of notch, however, the rise of actual stress with increase in notch 
depth would be much greater for thin than for thick specimens. Hence 
it is possible that for thin sheet steel, even in contact with carbonate 
water, the depth limit would not be reached before the actual stress at 
the notching limit would reach the endurance limit. For thin sheet steel 
in contact with carbonate water, therefore, the corrosion-fatigue limit 
may be much lower than for thick specimens. 

Effect of Repeated Stress on Metal at Bottom of Notch.—It seems 
possible that the form of the graphs in Figs. 2 and 3 may be somewhat 
influenced by the well known strengthening effect of repeated stresses 
slightly below the endurance limit. As pitting proceeds in a specimen 
subjected to nominal cyclic stress near the corrosion-fatigue limit the 
actual stress at the bottoms of the notches rises toward the endurance 
limit. The metal at the bottoms of the notches, therefore, is strengthened 
by repeated stress. Consequently, as stress concentration rises with 
progress of the notch, the endurance limit of the metal at the bottom of 
the notch tends to keep pace with the rise in stress concentration. The 
notch, therefore, has to advance further than it would in unchanged 
metal, before it reaches the endurance limit of the locally strengthened 
metal. The calculated stress-concentration ratio would thus be some- 
what below the true value. 
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Whether the local strengthening of metal at the bottoms of the 
notches has appreciable effect on the form of the graphs in Figs. 2 and 3 
cannot be decided definitely at present. It seems probable, however, that 
the effect is slight in comparison with the above described effect of 
notch-depth limitation. - 


Elevation of Corrosion-fatigue Limit Due to Strengthening of Metal in Path 
of Corrosion Pit * 


The corrosion-fatigue limit of a specimen may be elevated by local 
strengthening of metal in the path of eagh advancing notch. When the 
initial stress in a corrosion-fatigue test is below the endurance limit but 
above the corrosion-fatigue limit, the actual stress increases gradually on 
account of pitting, until at the bottom of each notch the stress reaches 
the endurance limit. The rapidity of the approach of the actual stress 
to the endurance limit decreases as the initial stress nears the corrosion- 
fatigue limit. At, or slightly above, the corrosion-fatigue limit, there- 
fore, conditions are favorable for appreciable strengthening of metal at 
the bottoms of the advancing notches. For this reason the corrosion- 
fatigue limit may be higher than if there were no such local strengthening. 
Whether the elevation of the corrosion-fatigue limit from this cause is 
great or even appreciable cannot be decided at present. 


Part Ill. Errect or Cyciic STRESS ON CORROSION OF CORROSION- 
RESISTANT STEEL 


Medium-chromium, High-nickel Steel, Material HS 


In Fig. 4a are shown ordinary fatigue and corrosion-fatigue graphs for 
a corrosion-resistant steel of the austenitic type. The corrosion-fatigue 
limit for this steel is higher than for carbon and ordinary alloy steels such 
as the chrome-vanadium steel described in Part II. The flatness of the 
endurance graph for this material is due to its low thermal conductivity. 
The influence of thermal conductivety on the form of the stress-cycle 
graph has been discussed in a previous paper.! 

Results of prior-corrosion fatigue tests of material HS are presented in 
Fig. 4b. To avoid obscuring these results the fatigue and corrosion- 
fatigue lines are repeated without the individual test results. Hach 
small inverted triangle indicates by its position the result of a stage 2 test. 
Beside each triangle is a key letter, by means of which the stage 1 stress 
and number of cycles may be obtained from a list accompanying the 
figure. Zigzag lines in this figure have the same meaning as in Fig. 1. 

The low result obtained with specimen R, shown by its position in 
Fig. 46, indicates that this specimen was defective. As this specimen 
was one of the first tested, the low result was the cause of the untieces- 
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Sracr 1 Stresses AND CYCLES 


Fig. 4b Fig. 5c 
+ { Material HS Material GS-0-10.75 
Fresh Water Fresh Water 
Symbol i Symbol j 
Stress, Lb. Cycles Stress, Lb. Cycles 
per Sq. In. Millions per Sq. In. Millions 
B 5,000 21.6 A 5,000 19.9 
C 20,000 21.4 B 10,000 19.7 
G 20,000 20.9 Cc 10,000 20.0 
H 20,000 20.5 D 20,000 20.8 
P 10,000 19.9 E 20,000 19.5 
Q 10,000 21.2 F 23,000 19.7 
R 15,000 20.2 re" 25,000 20.2 
rT 30,000 19.7 H 30,000 20.0 
U 25,000 19.9 
Vv 10,000 20.0 
W 15,000 20.0 
Se eR ee eee 
Fig. 6 Fig. 7 
Material IA | Material IU-8 
A 2,000 48 .2 A 5,000 49.5 
B 5,000 51.0 B 15,000 50.1 
C 5,000 55.4 Cc 20,000 51.3 
D 10,000 S17 D 10,000 50.7 
1D) 10,000 51.6 . E 18,000 50.4 
Fr 15,000 62.5 F 20,000 HOR. 
G 15,000 55.8 
H 18,000 64.3 
I 18,000 52.9 
J 20,000 31.0 
K 20,000 52.0 
Fig. 8b 
Material ILB 
A | 2500 52.4 
B | 2500 49.6 
C | 4000 49.2 | 
D | 3000 49.2 | 


EK | 2000 49.2 
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sarily low initial stress used with the following specimens 7’ and U, and 
with several other specimens. 

_ The results of the stage 2 tests shown in Fig. 4b indicate that with the 
exception of the defective specimen R, the fatigue limit of this material is 
practically unaffected by corrosion at stage 1 stresses up to 20,000. 

Three specimens tested at 25,000 and two specimens tested at 30,000, 


Or- »/N_ AIR, VASO Ir p 
> A + CORROSION - aie 
S V-|- CORROSION || FATIGUE:;| |14.50 p. 
6 Sti D 
S 70 
& 
SS 
x 60 
s 50 
wW 
x 
> 
& 40 2 
x 30 
Sey i : 
4 
8 FG HS 
3 
2 60 We 
0 ‘ | 
S50 : 
5 LU bub hl | We 
=~ 40 = 
3 a 
= i 
S 9° | Fel ay | males 

20 | 
/o? 108 eke 


NUMBER OF CYCLES, LOGARITHMIC SCALE 


Fic. 4.—CoRROSION OF MEDIUM-CHROMIUM, HIGH-NICKEL STEEL AS AFFECTED BY 
CYCLIC STRESS. 


as shown in Fig. 4a, failed in the first stage. As shown in Fig. 46, how- 
ever, specimens 7’ and U, tested at 25,000 and 30,000, respectively, did 
not fail until the stress in the second stage had been gradually raised 
to the endurance limit. a2 
The relationship between stage 1 stress and stage 2 fatigue limit is 
illustrated by the graph for material HS in Fig. 2. The graph starts at 
a point representing the endurance limit of the material and extends to the 
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right at the same level until the abscissa is only slightly less than the 
corrosion-fatigue limit. The graph then descends almost vertically to ~ 
the axis of ordinates. ; 

The relationship between stage 1 stress and resulting stress concentra- 
tion is illustrated by the graph for material HS in Fig. 3. As illustrated 
by this graph, the stress-concentration ratio remains about 1.0, while the 
stage 1 stress increases from zero almost to the corrosion-fatigue limit. 
The stress concentration then rises rapidly. 

The results illustrated in Figs. 2 and 3, therefore, would seem to 
indicate that, for this corrosion-resistant steel, there is a fairly distinet 
stress limit below which pitting is negligible. This “pitting limit”’ 
evidently is not far below the corrosion-fatigue limit. 


Stainless Steel, Material GS 


In Fig. 5 are shown fatigue and corrosion-fatigue graphs for stainless 
steel that had been heat-treated in three different ways. Fig. 5a repre- 
sents fully annealed material. Fig. 5b and Fig. 5c represent material 
that, after quenching, had been drawn at two different temperatures. 

The solid-line graphs in Fig. 5 represent results of ordinary fatigue 
tests. As insufficient material was available to obtain a fatigue graph 
for the fully annealed material GS-17, the solid-line graph for this 
material in Fig. 5 was taken from the graph for similar material FJ-17 of 
a previous paper.2 The fatigue limits as estimated from the three 
fatigue graphs in Fig. 5 are nearly in proportion to the tensile strength, 
although the limit for material GS-17 is slightly lower and the limit for 
material GS-0-12 is slightly higher than would be expected. 

The corrosion-fatigue limits for materials GS-17 and GS-0-12 evi- 
dently differ little. The wide scatter of results of corrosion-fatigue tests 
for material GS-0-10.75 makes it difficult to decide on a corrosion-fatigue 
limit. Apparently, however, the average corrosion-fatigue limit for this 
hard material is somewhat lower than for the softer materials GS-17 
and GS-0-12. 

Results of prior-corrosion fatigue tests as well as the results of corro- 
sion-fatigue tests for material GS-0-10.75 show wide scatter. It will be 
observed that for stage 1 stresses above about 25,000 the results are very 
erratic. Whereas two specimens failed in stage 1 under a stress of 30,000, 
and one at 27,000, other specimens /7 and G endured stage 1 stresses of 
30,000 and 25,000, respectively, and in stage 2 showed a probable fatigue 
limit of about 77,000 and 74,000, respectively. Another specimen, tested 
at a stress of 40,000, practically completed stage 1 before failure. On 
account of the wide scatter of results, therefore, the tests were too few to 
establish definitely the positions of the stage 2 graphs. The graphs as 
drawn, however, are probably not far from their correct average positions. 
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By use of the data in Fig. 5c, graphs have been drawn in Figs. 2 and 
3 to represent the approximate average relationship of the stage 1 stress 
to the stage 2 fatigue limit and stress concentration. As shown in Fig. 
2, the graph for material GS-0-10.75 starts not far below the endurance 
limit D. The graph is at first nearly horizontal and the slope increases 
only slightly until the abscissa exceeds about 25,000. The slope then 
rapidly increases until beyond an abscissa of about 33,000 the graph 
becomes nearly vertical. 

As indicated by the graph in Fig. 3, unless the stage 1 stress exceeds 
20,000 to 25,000 the resulting stress concentration is low, in spite of 
the great hardness of this material. This indicates that at stage 1 
stresses below a fairly definite limit, pitting is very slight. This con- 
clusion is confirmed by visual examination. Below the pitting limit few 
pits are visible. They are apparently shallow, and visible only with 
the microscope. 


Comparison of Behavior of Two Types of Steel 


The results presented in Parts II and III are evidently typical of the 
behavior of two kinds of steel. Carbon and ordinary alloy steels are 
severely pitted even when the corrosion is at zero stress. The depth and 
sharpness of the pitting increases greatly with increase in the cyclic 
stress. Corrosion-resistant steels are not severely pitted by corrosion 
at zero stress, or at any stress below a fairly definite pitting limit, which 
practically coincides with the corrosion-fatigue limit. Whether this 
difference of behavior between the two types is due largely to physical 
properties of the surface film will be considered later. Evidence to be 
presented in Parts IV and V, however, seems to indicate that the former 
type of behavior is characteristic of high-potential (high solution pres- 
sure) alloys and the latter type is characteristic of low-potential alloys. 


Part IV. Errect or Cyciic Stress ON CORROSION OF ALLOYS OF 
CorrER AND OF NICKEL 


Aluminum Bronze 


In Fig. 6 are shown results of prior-corrosion fatigue tests of aluminum 
bronze. Results of fatigue and corrosion-fatigue tests of this material 
were presented in a previous paper.4 The same paper also presented 
results of stressless corrosion followed by fatigue. For this reason, and 
also to avoid confusion, individual results of tests of these three types are 
not given in Fig. 6. The stress-cycle relationship, however, for the three 
types of test is represented by the lines A, B and C in the upper set of 
graphs in Fig. 6. 
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In the lower three sets of graphs of Fig. 6 are shown results of stage 2 
tests of specimens that in stage 1 had been subjected to various stresses 
between zero and the corrosion-fatigue limit. The method of represent- 
ing the individual results is the same as that used in Figs. 1 and 4. 
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The light solid lines in the lower three spaces of Fig. 6 have been drawn 
to represent approximately the stage 2 relationship that seems to be 
in accordance with the individual tests. The numbers at the right of 
each line indicate the corresponding stage 1 stresses. In spite of rather 
wide scatter of individual result, it is believed that the relative positions 
in the lower three spaces of Fig. 6 are approximately correct. 
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In the upper space of Fig. 6 have been assembled all the lines repre- 
senting fatigue, corrosion-fatigue and prior-corrosion fatigue. As 
illustrated by lines C to F, the position of the stage 2 graph is practically 
unaffected by increase in the stage 1 stress from zero to 5000. With 
increase in the stage 1 stress from 5000 to 20,000, the stage 2 graph 
descends appreciably. With further increase in stage 1 stress from 20,000 
to the corrosion fatigue limit (24,000) the descent of the stage 2 graph 
is much greater. 

The relationship between stage 1 stress and stage 2 Laigte limit is 
illustrated by the dotted-line graph in Fig. 2. This graph starts only 
slightly below the point F representing the endurance limit. As it 
extends to the right, the graph, at first practically horizontal, curves 
downward only slightly before it reaches an abscissa of about 20,000. 
The slope then gradually increases until at the point L, representing the 
corrosion-fatigue limit, the graph becomes nearly vertical. 

This graph and the corresponding stress-concentration graph in 
Fig. 3 resemble the graphs for corrosion-resistant steels more than they 
resemble the graphs for chrome-vanadium steels. For aluminum bronze, 
as for corrosion-resistant steels, corrosion pitting is evidently not severe 
at cyclic stresses below a fairly definite limit, which is not far below the 
corrosion-fatigue limit. 

It is worthy of note that the electrolytic potential of this alloy is 
nearer to the potential of corrosion-resistant steel than to the potential 
of chrome-vanadium steel. 


Nickel-copper Alloys 


In Fig. 7 are shown fatigue and corrosion-fatigue graphs for copper and 
for some of its alloys with nickel. The graphs are arranged from left to 
right in order of increasing nickel content. The two graphs at the left 
represent cold-rolled and hot-rolled copper. The adjacent graph repre- 
sents a cold-rolled alloy containing about 2.5 per cent. nickel. The next 
pair of graphs represent cupronickel containing about 21 per cent. nickel. 
The set of graphs on the extreme right represent monel metal. As the 
graphs for copper and cupronickel have been previously published*:4 
results of individual tests are omitted, and only the stress-cycle lines 
are shown. 

It was shown in previous papers?* that the corrosion- fatigue limit, 
for nickel-copper alloys having about 21 to 99 per cent. nickel, varies onl 
slightly with composition or mechanical working. It was also shown 
that, for nickel-copper alloys having less than about 21 per cent. nickel, 
the corrosion-fatigue limit is not below the endurance limit. It was 
surmised that for these alloys the intrinsic corrosion- -fatigue limit is above 
the endurance limit. Each of the nickel-copper alloys represented in 
Fig. 7 will now be considered separately. 
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Monel Metal 


Results of fatigue, corrosion-fatigue and prior-corrosion fatigue tests 
of monel metal are represented in Fig. 7 in the usual way. The lower 
portion of the fatigue graph as usual is a curve descending toward a 
horizontal asymptote. As mentioned in a previous paper* the corrosion- 
fatigue limit for monel metal is practically the same as for cupronickel, 
material HE-4, although the two alloys differ greatly. in chemical 
composition and physical properties. 

Results of prior-corrosion fatigue tests, as shown in Fig. 7, indicate that 
the stage 2 fatigue limit is affected very little by prior-corrosion at stresses 
below the corrosion-fatigue limit. For this low-potential alloy, as for the 
corrosion-resistant steel HS, pitting is negligible at cyclic stresses below a 
fairly definite pitting limit which practically coincides with the corrosion- 
fatigue limit. 


Cupronickel 


As illustrated by the graphs for cupronickel in Fig. 7, the corrosion- 
fatigue limit of the fully annealed material, HE-14, is not below the 
endurance limit. For the cold-worked material HE-4, the corrosion- 
fatigue limit is below the endurance limit, but above the endurance limit 
of the fully annealed material. As stated in previous papers,** this 
relationship seems to indicate that for fully annealed cupronickel the 
intrinsic corrosion-fatigue limit is above the endurance limit, and that the 
intrinsic corrosion-fatigue limit is not encountered unless this material 
is strengthened by cold working. 

In the light of the above described behavior of monel metal and other 
low potential alloys, this behavior of cupronickel is not surprising. For 
the fully annealed material HE-14 there is evidently no appreciable 
corrosion-pitting at cyclic stresses below the endurance limit. The 
pitting limit (which is the above mentioned “intrinsic corrosion-fatigue 
limit’”) is above the endurance limit. For the cold-worked material, 
the corrosion-fatigue limit is probably the pitting limit. 


2.5 Per Cent. Nickel Alloy 


As shown by the graphs for material ID in Fig. 7, the corrosion- 
fatigue limit of this cold-worked alloy is not below the endurance limit. 
Kividently, for this alloy as for the fully annealed cupronickel, the pitting 
limit, or intrinsic corrosion-fatigue limit, is above the endurance limit. 


Copper 


As shown by the graphs for copper in Fig. 7 the corrosion-fatigue limit, 
even for severely cold-worked material, is not below the endurance limit. 
Although this metal becomes heavily coated by corrosion, its fatigue 
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resistance is not lowered. And yet as mentioned by H. F. Moore,’ 
notches and other abrupt changes of section greatly influence the fatigue 
resistance of this metal. For copper, therefore, as for the low-potential 
alloys described above, there is evidently a definite pitting limit, below 
which there is no important pitting. This pitting limit is not encoun- 
tered, even in the severely cold-worked metal represented in Fig. 7. 


Muntz Metal 


A few prior-corrosion fatigue experiments have been made with 
Muntz metal. Though not enough experiments have been made to 
justify the drawing of graphs, the results indicate that this alloy behaves 
more like the chrome-vanadium steel than like the copper-nickel alloys 
or the corrosion-resistant steels. The fatigue limit is considerably 
lowered by stressless corrosion, especially in salt water. It is worthy of 
note that the potential for this alloy is higher than for any of the alloys 
described thus far in this paper except the chrome-vanadium steel. 


Part V. Errect oF Cyciic STRESS ON CORROSION OF ALUMINUM ALLOYS 


Commercial Aluminum 


The effect of stressless corrosion on commercial aluminum that had 
been cold worked to ‘‘hard”’ temper, is illustrated by the small squares 
in Fig. 8a. The small numeral beside each square indicates the number 
of days’ stressless corrosion. The position of each square shows the 
effect of corrosion on the fatigue resistance. Results of fatigue and 
corrosion-fatigue tests are also included in this figure. 

The damaging effect of stressless corrosion on commercial aluminum 
is remarkably great. One hour’s corrosion lowers the fatigue limit 
appreciably; 8 hr. corrosion lowers the fatigue limit by nearly half; one 
day’s corrosion lowers it by more than half; and two days’ corrosion 
lowers it about three-fourths the difference between the endurance limit 
and the corrosion-fatigue limit. With increase in prior-corrosion time 
from 2 to 9 days, the fatigue graph descends by gradually decreasing 
steps until it is practically at the corrosion-fatigue limit. With further 
increase in corrosion-time from 9 to 25 days the fatigue graph apparently 
descends slightly below the corrosion-fatigue graph. Possibly the cor- 
rosion conditions were slightly more severe in stressless corrosion than 
in corrosion-fatigue. The logical conclusion from the results presented 
in Fig. 8a is that for commercial aluminum stressless corrosion for more 
than a day or two lowers the fatigue resistance about as much as if the 
material at the same time had been stressed at the corrosion-fatigue 
limit. Cyclic stress below the corrosion-fatigue limit, therefore, has 
little influence on corrosion pitting of commercial aluminum. 


8H. F. Moore and 8. W. Lyon: Tests of the Endurance of Gray Cast Iron under 
Repeated Stress. Proc. Am. Soe. Test. Mat. (1927) Pt. I, 27. 
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Aluminum-manganese Alloy 
. 


The aluminum-manganese alloy had been cold worked to “hard” 
temper. In Fig. 86 are shown results of stressless corrosion followed by 


fatigue in air. Results of fatigue and corrosion-fatigue tests are 


also included. 

As shown in the figure, stressless corrosion for only one or two days 
lowers the fatigue resistance appreciably. With increase in the prior 
corrosion time, the fatigue graph descends by gradually decreasing steps. 
As the corrosion-fatigue graph at 50,000,000 cycles (25 days) is nearly 
horizontal, increase of stressless corrosion time beyond about 25 days 
would probably affect the fatigue resistance very little. The fatigue 
resistance is damaged less by stressless corrosion for 25 days than 
by simultaneous corrosion and stress at the corrosion-fatigue limit. 
In this respect the aluminum-manganese alloy differs from commer- 
cial aluminum. 

A few experiments have been made with stage 1 stresses below the 
corrosion-fatigue limit. The results as shown in Fig. 8 are about midway 
between the results of 25 days’ stressless corrosion and the results of 
corrosion-fatigue. The effects of stressless corrosion of this material are 
so great and the corrosion-fatigue limit is so low that further investigation 
of the effect of stress below the corrosion-fatigue limit seems undesirable. 


Duralumin 


Results presented in a previous paper‘ indicate that for duralumin, 
the effect of stressless corrosion for 10 days or more is nearly as great as 
if the material at the same time had been stressed at its corrosion-fatigue 
limit. These conclusions are confirmed by recent results not presented 
here in detail. For all samples of duralumin investigated, cyclic stress 
below the corrosion-fatigue limit had little influence on corrosion. In 
this respect, therefore, duralumin resembles commercial aluminum more 
than it resembles the aluminum-manganese alloy. 


Summary for Aluminum Alloys 


In Figs. 2 and 3 are graphs illustrating the relation of stage 1 stress to 
stage 2 fatigue limit or to stress concentration, for aluminum, aluminum- 
manganese alloy, and duralumin. As shown in these figures the graphs 
for aluminum-manganese alloy differ considerably in form from the 
eraphs for the other two alloys. The graphs for aluminum-manganese 
alloy curve considerably between the origin and the point L representing 
the corrosion-fatigue limit. Between these two points the graphs for 
aluminum-manganese alloy have been drawn on the assumption that 
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from the origin to the point L they are simple curves, and that for this 
alloy the corrosion-fatigue limit corresponds to a “notching limit.” 

The difference in form between the graph for aluminum-manganese 
alloy and the graphs for the other two aluminum alloys is especially 
conspicuous in Fig. 3. The relatively high origins of the graphs for 
aluminum and duralumin are evidence of the severity of the pitting at 
zero stress. The pitting is so severe that even at zero stress there is 
depth limitation. This explains the fact that increase of stress from zero 
to the corrosion-fatigue limit has practically no influence on pitting. The 
reason for the lack of slope of the graphs for aluminum and duralumin, 
therefore, is the same as the reason for the lack of slope of the correspond- 
ing portion of the graph for fully annealed steel, AZ-15.75. This reason 
has been discussed fully in Part IT. 

For the aluminum-manganese alloy, on account of its higher corrosion- 
resistance, the pits at zero stress are shallower than for the other two 
alloys, and with increase of stress from zero to the corrosion-fatigue limit 
there is no evidence of notch depth limitation. For aluminum of high 
purity it is reported that corrosion at zero stress is much less severe than 
for the commercial aluminum used in these experiments. A graph for 
aluminum of high purity, therefore, would probably resemble in form the 
graph in Fig. 3 for aluminum-manganese alloy. Whether the notching 
limit for pure aluminum is higher than that for the aluminum-manganese 
alloy has yet to be determined. 


Part VI. INFLUENCE OF ELECTROCHEMICAL AND PHYSICAL PROPERTIES 
on BEHAVIOR OF ALLOYS UNDER CoRROSION AND Cyc Lic STRESS 


In Fig. 2 the relative position of the origin of each graph depends not 
only on the electrochemical, but also on the physical properties of the 
alloy. The origin of the graph for the hard material GS-0-10.75, for 
example, is considerably above the origin of the graph for the softer 
material HS, although the two alloys differ little in electrolytic potential. 

In Fig. 3 the graphs from lowest to highest are located in order of 
increasing electrolytic potential. Stress concentration, therefore, tends 
to be greater the higher the potential of the alloy. Stress concentration, 
however, depends not only on electrolytic potential but also somewhat on 
physical properties. For this reason the graph for the hardest chrome- 
vanadium steel in Fig. 3 is uppermost, and the graph for the softest is 
lowest, of the three graphs for steel. For the same reason the graph for 
duralumin is higher than the graph for the softer commercial aluminum. 

The corrosion-fatigue limits of the various alloys represented in Figs. 
2 and 3, taken as groups, are in the order of their electrolytic potentials. 
Aluminum alloys, the group having highest potential, have the lowest 
corrosion-fatigue limits; corrosion-resistant steels, the alloys of lowest 
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potential, have the highest corrosion-fatigue limits. Nevertheless there 
are irregularities in the quantitative relationship of electrolytic potential 
to corrosion-fatigue limit. The corrosion-fatigue limit for the fully 
annealed steel, AZ-15.75, for example, is nearly equal to that of the alloy 
IA, whose potential is much lower. The corrosion-fatigue limit for 
duralumin also is greater than would be accounted for by its potential. 
These and other irregularities are apparent if potentials of alloys in fresh 
water be plotted as ordinates with corrosion-fatigue limits as abscissas. 

In a previous paper‘ it was shown that if‘ potentials of alloys in salt 
water be plotted as ordinates, with corrosion-fatigue limits as abscissas, 
most of the resulting points are not far from’ a fairly smooth curve. 
Nevertheless there are irregularities in the positions representing some of 
- the alloys. The results presented in the present paper indicate that these 
anomalies are due to notch-depth limitation. If ‘notching limits”’ 
instead of corrosion-fatigue limits be plotted as abscissas, with electrolytic 
potentials as ordinates, the results would probably form a fairly regular 
curve. The notching limit probably depends chiefly on electrochemical 
properties and is little influenced by physical properties. 

Although no evidence of a notch-depth limit for any low-potential 
alloy has as yet been found, it may yet be found, possibly among the 
corrosion-resistant steels. On account of the relatively deep pitting of 
high potential alloys at low stresses, however, notch-depth limitation is 
probably more common in high-potential than in low-potential alloys. 

The corrosion-fatigue limit for a low potential alloy is usually not far 
from the pitting limit. Under such conditions the influence of physical 
properties on the corrosion-fatigue limit is probably slight. The 
corrosion-fatigue limit for low potential alloys, therefore, is usually less 
dependent on physical properties than is the corrosion-fatigue limit for 
high-potential alloys. 

An investigation of the effect of size of section on the corrosion-fatigue 
limit is much needed. Discussion of this subject at present must be 
merely tentative. The possible effect of thinning the section on the 
corrosion-fatigue limit of steel was discussed briefly in Part II]. With 
decrease of specimen section from a relatively large value to a thickness of 
only once or twice the depth of stressless corrosion pits, the corrosion- 
fatigue limit would evidently decrease to zero. The rate of decrease in 
corrosion-fatigue limit would obviously increase as the thickness is 
decreased. How thin the section can become without affecting the 
corrosion-fatigue limit seriously would depend on the type of alloy. For 
alloys that can be severely pitted at zero stress, and especially for alloys 
that (in the form of relatively large specimens) show notch-depth limita- 
tion at low stresses, the effect of thinning section on the corrosion-fatigue 
limit would be relatively great. For low-potential alloys the effect of 
thinning section would be relatively small. 
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Part VII. Errect or Time anp Numper or Cycles ON CorROsION 


The effect 
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In studying the effect of cyclic stress on corrosion, there are three 


factors to be considered: stress, time, and number of cycles. 
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The effect of time and 


of stress has been discussed in Parts II to VI. 
number of cycles must now be considered. 


There are some advantages, however, in first presenting the results 


The time factor may be expressed either as time per cycle or as total 


time. 
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of the investigation in terms of cycle frequency and total number of 
cycles. The results are so presented in Figs. 9 to 12. ‘ 
Figs. 9 and 11 illustrate the effect of varying number of cycles with 
constant cycle frequency (constant time per cycle). Figs. 10 and 12 
illustrate the effect of varying cycle frequency (and varying total number 
of cycles) with constant total time. The material used in these experi- 
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ments was the chrome-vanadium steel, AZ-0-10, that was discussed 
in Part IT. 

Kach stress-cyele graph in Figs. 9 and 10 represents results of fatigue 
tests after corrosion under definite conditions of stress, cycle frequency, 
and number of cycles. "To supplement these results some stress-cycle 
lines, without the experimental points, have been transferred to Figs. 9 
and 10 from Fig. 1. The lower solid lines in these figures represent the 
effect of corrosion at 1450 r. p.m. The dotted lines represent the effect 
of stressless corrosion. The upper solid lines are ordinary fatigue graphs. 
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Fatigue limits, estimated from the stress-cycle graphs in Figs. 9 to 10 
have been utilized in calculating stress-concentration ratios, and thes 
ratios have been plotted as ordinates against various abscissas in Figs 
11 and 12. 

In Fig. 11, graphs B, C and H represent the effect of varying num- 
ber of cycles (and varying total time) with constant cyclic stress and 
constant cycle frequency (1450 per min.). For comparison, graph A has 
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Fig. 12.—EFrrect oF VARYING CYCLE FREQUENCY AND TOTAL NUMBER OF CYCLES) 
WITH CONSTANT TOTAL TIME. 


been plotted to represent the results of stressless corrosion. The time 
scale for graph A is the same as for graphs B and C. 

Graph A is a simple curve approaching a horizontal asymptote, thus 
indicating that the depth of pitting at zero stress tends to approach 
a limit. 

Graph B is of complex form somewhat resembling the graphs for 
chrome-vanadium steels in Fig. 3. Whether the upward convexity in the 
lower portion of this graph represents true relationship is not yet certain. 
It seems possible, however, that the lower portion of graph B represents 
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the formation of relatively shallow pits similar to the pits formed by 
stressless corrosion. The portion of graph B with upward curvature 
possibly represents the formation of a sharp notch at the bottom of 
the shallow pit. The horizontal portion represents depth limitation. 
Graph C shows a similar form, but the reversal of curvature in the 
sloping portion is less conspicuous. 

As shown in Fig. 3, a stress of 13,000 for this material is above the 
“notching limit”’ and a stress of 9000 is not far from the notching limit. 
For stresses below the notching limit, graphs in Fig. 11 would probably 
be of simple form similar to graph A. Graph £, representing a stress of 
5000, has been so drawn. The position of the right end of this graph 
has been estimated from data in Fig. 1. The form of this graph 
indicates that at this stress the corrosion pits are relatively shallow, 
similar to those formed by stressless corrosion. 

Fig. 12 illustrates the effect of varying cycle frequency (time per 
eycle) and varying number of cycles, with constant total time (10 days). 
The graphs in Fig. 12 are similar in form to those in Fig. 11. They differ 
however, from the graphs in Fig. 11 in two respects: (1) The graphs in 
Fig. 12 start from a point representing the effect of ten days’ stressless 
corrosion, whereas the graphs in Fig. 11 start from a point representing 
absence of corrosion; (2) the upper point of reversal of curvature (depth 
limitation) for a graph in Fig. 12 is reached at fewer cycles than is the 
similar point on the corresponding graph of Fig. 11. This is due to the 
fact that in Fig. 12-each point on a graph represents the effect of 10 
days’ total corrosion time, whereas each graph in Fig. 11 represents the 
effect. of varying corrosion time as well as varying number of cycles. 

Graph D in Fig. 11 has been drawn to represent the effect of cycle 
frequency 200 with varying number of cycles and total time. To obtain 
this graph, the point a has been transferred from Fig. 12 to Fig. 11. To 
the right of the point a in Fig. 11 the graph has been drawn on the 
assumption that it should be very little higher than graph C. This 
assumption appears justifiable in view of the fact that graph C extends 
to the right to the point m representing 20,000,000 cycles and 10 days. 
Increasing both number of cycles and total time much beyond these 
values, as is shown by many corrosion-fatigue graphs for steel, lowers 
the corrosion-fatigue graph very little. Hence the sevenfold increase of 
total time without increase in total number of eycles should raise the 
point b in Fig. 11 only slightly above the point m. 

These conclusions are confirmed by corrosion-fatigue tests of steel 
(not illustrated here in detail) at 50 r. p.m. These tests indicate that 
the corrosion-fatigue limit at 50 r. p. m. differs very little from the limit 
obtained at 1450 r. p.m. At either of these two widely different cycle 
frequencies the corrosion-fatigue graph becomes nearly horizontal at’ 
four or five million cyeles. 
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As represented by graphs C and D in Fig. 11, therefore, change in 
cycle frequency does not greatly affect the position of the horizontal 
portion of the graph, but affects considerably the number of cycles at 
which the sloping portion of the graph meets the horizontal portion. 

The results presented in Figs. 11 and 12, therefore, indicate that 
depth of pitting or notching depends chiefly on the stress, provided the 
number of cycles exceeds a definite minimum which depends on the 
time per cycle. Time and number of cycles, provided they exceed a 
definite minimum, have little effect on depth of pitting. The minimum 
time and number of cycles necessary to reach the depth limit are inter- 
dependent. In further discussion, the number’ of cycles necessary to 
encounter notch-depth limitation will be called the “critical number of 
cycles” and the corresponding total time will be called the “‘ critical time.” 

As illustrated by graphs C and D in Fig. 11, with increase in time per 
cycle the critical number of cycles decreases and the critical time 
increases. As indicated by the above-mentioned experiments, the critical 
number of cycles at 50 r. p. m. is probably little less than at 200 r. p. m. 
Hence it seems probable that with increase in time per cycle the critical 
number of cycles approaches a minimum. 

Similar reasoning would indicate that with decrease in time per cycle 
the critical number of cycles would tend to become nearly inversely 
proportional to the time per cycle (proportional to cycle frequency). It 
seems not improbable, therefore, that at very high frequency, the 
critical time would tend to approach a minimum. 

As illustrated by Fig. 12, specimens tested for 10 days at 8 or 50 r, p. 
m. showed little greater stress concentration than specimens subjected 
for the same length of time to stressless corrosion. When the cycles are 
few, the effect of stress below the corrosion-fatigue limit on corrosion of 
steel is negligible. The effect of a steady stress equal to the stress range 
used in these experiments (26,000) should also be. negligible. 
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DISCUSSION 


H. 8. Rawvon, Washington, D. C. (written discussion).—The author, in previous 
papers, has definitely shown that the endurance limit of metals under ‘‘fatigue” 
stresses is, in the great majority of cases, much lower if the metal is simultaneously 
subjected to a slight corrosive attack than if no corrosion occurs; also, that the effect 
of simultaneous corrosion and fatigue is very considerably greater than the effect 
produced by roughening the surface by a similar corrosive attack prior to stressing in 
fatigue. The general effect, in the latter case, of lowering the endurance limit might 
be predicted on the basis of our general knowledge of the effect of surface finish of 
test specimens upon the results of endurance testing. The aspect of the general 
problem presented in the present paper is somewhat novel, however; that is, the 
evaluation of the corrosive attack of a metal by subsequently subjecting the corroded 
specimens to an endurance test. 

The points which the writer wishes to raise in this discussion bear on the more 
theoretical aspects of the explanation put forward by the author rather than on the 
practical application of the method to the general corrosion problem. It would seem 
that much more information must be accumulated before the really “practical” 
aspects of the problem can be discussed to any advantage. 

The author has shown that ‘‘stressless corrosion” of specimens followed by endur- 
ance testing, in the absence of a corrodant, produces a lowering of the endurance 
limit, although the effect is not so pronounced as when the preliminary corrosive 
attack is accompanied by fatigue stressing. In a number of cases, a relatively slight 
initial corrosive attack (‘‘stressless’’ corrosion, 1 hr. in the case of aluminum, Fig. 
8a; 8 hr. for quenched and tempered Cr-V steel, Fig. 1c; and 1 day in most of the other 
cases) produced a much more pronounced effect relatively, when the specimen was 
subsequently fatigued, than did a more prolonged initial corrosive attack. In other 
words, the effect of prior corrosion (‘‘stressless’’) upon the results of subsequent 
endurance tests is not additive although, for the conditions used (immersion in water 
which was constantly renewed) there is very good reason to believe that the severity 
of the corrosive attack at least, as ordinarily measured, is directly proportional to the 
length of the corrosion period. The author’s conclusion (page 579) that ‘‘beyond about 
10 days, the effect of increase in corrosion time is evidently slight”? can hardly be 
taken to mean that, in general, corrosion of a Cr-V steel under the conditions given 
is one of gradually diminishing intensity. 

The question has arisen in the writer’s mind as to how much of the effect of 
“stressless’’ corrosion prior to fatigue may be attributed to the character of the 
initial surface finish of the test specimen. It is a matter of common knowledge in the 
microscopic study of metals that an apparently perfectly polished surface may be 
produced on a metal without removing all evidence of cold work (grinding and machin- 
ing marks, scratches and the like). Slight etching serves to reveal them by removing 
the obscuring film of flowed metal on the surface which resulted from ‘‘forced”’ 
polishing. Granted that such a condition obtains on the surface of a specimen to be 
used for an endurance test, it would not be at all surprising that a slight initial etching 
(corrosion) which served to reveal the most pronounced of these hidden surface mark- 
ings should produce a relatively greater effect than longer etching periods (prior to 
fatigue), nor that the effect, in general, should be one of gradual decreasing intensity. 
Tests of specimens, treated so as to remove as completely as possible all surface 
working effects, possibly by annealing the polished specimens in hydrogen, would be 
expected to throw some light on this point. ; é 

A rather careful study of the structural features of specimens which have corroded 
under the conditions used in this paper would also seem to be decidedly worth while. 
Corrosion often manifests itself in a variety of different forms and under various 
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disguises. It is hardly fair, for example, to consider the behavior, under corrosion 
of an alloy such as Muntz metal in which the corrosive attack _ usually honfined 
practically entirely to one of the two constituents of this binary alloy, as being 
comparable with the corrosion of a simple metal, for example. The enekal subject 
of the effect of stress acting simultaneously with corrosion has previously received 
considerable attention from metallurgists and the conclusion seems to be warranted 
that often the corrosive attack of many metals and alloys under such conditions bears 
a rather definite and characteristic relationship to the structure of the material, the 
attack being of the intercrystalline type. In the opinion of the writer, the fact Sieuld 
be definitely established whether or not there is any tendency shown by any of the 
materials used, to be corroded in an intercrystalline manner when given the pre- 
liminary corrosive attack accompanied by fatigue. In order to determine this, it 
would undoubtedly be necessary to sacrifice a.few specimens since a surface Sanit 
tion of the corroded bar would not suffice. Specimens after being corroded under 
stress should be sectioned and properly prepared so that microscopic examination 
at relatively high magnification up to the extreme edge of the section could be made. 
The observation of the author that with increase of stress the character of the corro- 
sion pits changed and at a stress of 9000 to 10,000 assumed the form of ‘‘sharp rela- 
tively deep notches perpendicular to the direction of cyclic stress”? (page 585) would 
suggest that perhaps the attack does assume an intercrystalline character. This 
fact, were it established, would serve to correlate the author’s observations with those 
made by other workers along somewhat related lines, a correlation which is lacking 
at present. 


H. W. Gitzert, Washington, D. C.—I think this can all be summed up in the fact 
that Rawdon feels that it would clarify this matter if attention were paid to the ques- 
tion of intercrystalline attack, that the sharpness of the notch which forms under 
corrosion is of such vital importance that when there is intercrystalline attack there is 
an almost infinitely sharp notch and it would seem as if the problem might be some- 
what simplified if we considered it on that basis. 

I would inquire whether after all we have not just one endurance limit, the endur- 
ance limit of the material. Cannot these notching limits and corrosion-fatigue limits 
and prior corrosion-fatigue limits which vary with the environment all be summed up 
in the depth and sharpness of the notch which you get under conditions of corrosion? 

I can easily see that with corrosion under stress there would be notching with a very 
much sharper tool than there would be with corrosion without stress. After all, if 
we think of it along that line would it not somewhat simplify what appears to be a 
rather complex proposition? I would also like to register a mild protest against giving 
any kind of fatigue limit on aluminum alloys on a basis of 100,000,000 cycles. That 
was borne in on us forcibly very recently when we had a break at 335,000,000 on a 
duralumin specimen with the endurance limit not reached. 


H. F. Moors, Urbana, Ill.—I would like to report some tests of heat-treated 
chrome-nickel steel. The specimens were divided into four groups. In group A the 
specimens were left as machined. In group B the machined specimens were protected 
by a coating of rubber cement. In group C the specimens were protected by a coating 
of elastic varnish. In group D the specimens were protected by a special varnish. 
Under the action of a stream of fresh water, the endurance limit of the unprotected 
specimens was very distinctly lowered from the value for the endurance limit in air. 
The endurance limit of each of the protected specimens under a stream of fresh water 
was practically the same as the endurance limit in air. 

I acknowledge freely that, in considering the structure of behavior of our metals, 
we who are engineers must henceforth think about solution potentials and various 


. 
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other chemical phenomena which, up to the present time, have caused us no concern. 
Undoubtedly our troubles have been increased by Dr. McAdam’s work. I wish to — 
point out, with equal emphasis, that the chemists must now think of problems of stress 
distribution, which, up to the present time, have caused them no concern. As Dr. 
McAdam and Dr. Gillett have pointed out, the damage done by corrosion is, to a large 
extent, a question of the particular shape of bite which is taken out of the metal. 
If corrosion takes rounded bites, such bites as you take out of a biscuit, the damage is 
relatively small. If the bite is a sharp gash like a knife-cut, the damage is much 
greater, Both in the study of fatigue of metals without corrosion and in Dr. 
McAdam’s work, the stress concentration factors actually found due to notches— 
whether mechanical notches or corrosion notches—are not so high as we should expect 
from the mathematical theory of elasticity. In other words, the theoretical studies of 
the mechanical effect of notches give results which are on the safe side. 


R. L. Temptin, New Kensington, Pa.—The author of this very commendable 
paper has at his command such a mass of data that it is somewhat hazardous perhaps 
to take exception to any of his statements. However, I have a few points I would 
like to bring up for discussion. 

If a comparison be made of the fatigue and the corrosion-fatigue limits of com- 
mercially pure aluminum, as given in Part V of the present paper and similar values 
indicated in a previous paper by Dr. McAdam,* some differences will be found. The 
fatigue limit in the previous paper of 11g-in. dia., commercially pure aluminum rod 
was given as 8200 Ib. per sq. in., while for a l-in. dia. rod, having the same static 
mechanical properties, a fatigue limit of 10,200 lb. per sq. in. is indicated in the 
present paper. 

This difference perhaps may be attributed to the number of cycles used in deter- 
mining the fatigue limit in the two instances. In the first case the limit was based on 
results after 250,000,000 cycles. In the second after 55,000,000 cycles. 

Our own work on similar and identical material gave an endurance limit of 8000 Ib. 
per sq. in. based on 500,000,000 cycles. The corrosion-fatigue limits for the same 
material, as indicated by Dr. McAdam, likewise show an appreciable difference, both 
corrosion-fatigue limits were determined on the basis of 50,000,000 cycles and were 
4700 and 5200 Ib. per sq. in. for the 11¢ and 1-in. dia. rods, respectively. Still different 
results might well have been obtained had the tests been carried out further. 

If the fatigue limit of 8200 lb. per sq. in. is compared with the corrosion-fatigue 
limit of 4700 lb. per sq. in. as indicated in the paper, damage from corrosion would be 
much less and the conclusions in the last paragraph on page 597 would not hold. For 
25 days’ corrosion time the fatigue curve would then be above the corrosion-fatigue 
curve and not below as indicated. In view of these discrepancies, it would appear 
necessary to make further tests carried out to a greater number of cycles before the 
conclusions concerning the pure aluminum and the manganese-aluminum alloy are 
finally formulated. 


T. S. Punter, Schenectady, N. Y. (written discussion).—Dr. McAdam’s paper, in 
which he has added the concept of prior corrosion-fatigue to the already complicated 
subject of corrosion fatigue, is extremely important. The tendency of investigators 
to carry on experiments more nearly under operating conditions is to be commended. 

The great difference in the relation of corrosion-fatigue limit to fatigue limit, and 
the difference in magnitude of the effect of prior corrosion-fatigue between those 
metals and alloys which tend to form pits, and those which do not, is very striking 
to those who have given thought to the general topic of corrosion. | 


9D. J. MeAdam, Jr.: Corrosion Fatigue of Non-ferrous Metals. Proc. A. S. T 
M. (1927). 
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One factor which may well be considered as a cause contributing to place the 
corrosion-fatigue limit of ferrous materials below the fatigue limit, and which to my: 
knowledge has not heretofore been mentioned, is the absorption by the steel of an 
appreciable amount of the hydrogen, remultiniy from the reaction of the aqueous 
corroding medium upon the latter. It is well known that a portion of the hydrogen 
liberated at an iron surface penetrates that surface and diffuses through considerable 
thicknesses. For instance, a steel tube 12 in. (30.5 cm.) long, and having an outside 
diameter of 14, in. (175 mm.) and a wall thickness of 1¥¢ in. (16 mm.), and filled 
with mercury discharged from its inner surface 0.60 c.ec. of hydrogen during immersion 
in Schenectady tap water for 188 hr. at a temperature of 50° C 

It is further known from the work of numerous investigators including Andrew, ! 
Stromeyer,!! Parr’? and Merica,* that the absorption of nascent hydrogen by steel 
produces brittleness and low fatigue strength: —, 

Would it not be well, therefore, to think over Dr. Me Adama! s results on the ferrous 
alloys in the light of nascent hydrogen absorption, and to endeavor to determine, if 


_ possible, to what extent, if any, the lowering of the fatigue limit by corrosion is due 


to this factor? 


R. J. McKay, New York, N. Y. (written discussion).—Since Dr. McAdam startled 
us a year or so ago with his experiments showing that the fatigue limit of a metal 
specimen under corrosive conditions is a figure considerably lower than the endurance 
limit of the metal in the air, he has studied the phenomenon in much greater detail. 
In elaborating on it he obtains corrosion-fatigue limits of various values depending 
on the metal, the corrosive conditions, the speed of revolution, the ratio of pit depth 
to specimen diameter, and prior corrosion effects. This seems at first glance to so 
complicate the endurance limit and corrosion-fatigue limit as to make them more 
difficult of practical use. However, it is my belief that this is only a temporary 
condition due to the fact that his experiments are not entirely complete and that we 
will find as the subject is further studied by Dr. McAdam, and I hope others, that the 
laws governing corrosion-fatigue will become clear and we will be able to predict a 
service of metals under alternating stress and corrosion with an accuracy never reached 
in the past. 

Probably the present haziness of the results is due to the failure in this present 
paper to summarize them. All data are given under the head of special metals and 
the tendency is for a busy reader to read only those parts of the paper covering metals 
in which he is especially interested. This leaves one with too vague an idea as to the 
general status of Dr. McAdam’s knowledge of this subject. Apparently the knowl- 
edge is increased to a considerable extent by these tests and it seems that a general 
summary would enable one to draw conclusions as to the practical application of 
results. In view of the above it is possible that some of the questions I ask have been 
directly answered in the data given in the paper, but in spite of this I will ask them of 
Dr. McAdam, because he is in a position to interpret the rather complicated data. 

The fact that the title of this paper is considerably changed from the titles of 
former publications may be significant. In this title, ‘“‘corrosion”’ of metals is the 
modified subject instead of ‘‘fatigue” as in former papers. Does this mean that the 


10 J. H. Andrew: Embrittling of Iron by Caustic Soda. Trans. Faraday Soc. 
(1914) 9, 316. 

11C, E, Stromeyer: Fatigue of Metals. Proc. Roy. Soc. (1914) A90, 411. 

12S. W. Parr: Embrittling Action of Sodium Hydroxide on Soft Steel. Univ. 
Illinois Engr. Exp. Sta. Bull. 94 (1917). 

13 P, D. Merica: Embrittling Action of Sodium Hydroxide on Mild Steel, ete. 


Met. Chem. Eng. (1917) 16, 496. 
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results show a logical effect on corrosion type or corrosion rate by cyclic stress and 
time; if so, what.is the general effect observed and is it the same in all metals; if not, 
can it be expressed in terms of metal groups? Can Dr. McAdam summarize the 
effect on rate and type of pitting of (a) corrosion without stress, (b) corrosion below 
the corrosion-fatigue limit, and (c) corrosion during fatigue. Does a corrosion- 
fatigue test produce pitting in cases where it would otherwise be entirely absent? 

Possibly the above questions would be answered by a more complete explanation 
of the double curvature in the graphs plotting fatigue limit of the second stage against 
stress in the first stage (page 583) and stress concentration ratio against stress in the 
first stage (page 586). 

What general conclusions are to be drawn from the rate of revolution? Is the 
corrosion-fatigue limit in the same corrosion conditions raised or lowered with increase 
or decrease in number of revolutions? Is the effect the same in all metals or can it 
be classified according to the metal types? 

It is possible with a given metal and a given solution to control corrosion rates; 
for instance, with monel metal and sulfuric acid under practical conditions the con- 
centrations can be adjusted so that the corrosion rate will vary from 20 mg. per sq. 
dm. per day to 200 mg. per sq. dm. per day and by varying the oxygen concentration 
and velocity of movement in laboratory tests from 1 mg. per sq. dm. per day to 500 
mg. per sq. dm. per day. Any given rate can be duplicated within possibly 10 per 
cent. What would be the result if corrosion-fatigue tests were made under such 
varying corrosion rates? Also, in certain solutions, it is possible to corrode a metal 
evenly or to produce pitting during the corrosion. What would be the result of run- 
ning corrosion-fatigue tests under these variations? 

The lowering of the fatigue limit by corrosion is different for different metals. Is 
it possible at present to connect the degree of lowering with the rate of corrosion, the 
type of corrosion or any physical properties, or ratio of the physical properties of the 
metals? In other words, what general conclusions are to be drawn as to the types of 
metals most resistant to corrosion-fatigue? 


T. M. Jasper, Milwaukee, Wis. (written discussion).—Dr. McAdam has shown 
that stressless corrosion prior to fatigue has not as much effect as has simultaneous 
corrosion with fatigue. The writer has found that corrosion under statie stress has 
greater effect than corrosion without stress. This effect becomes more pronounced 
as an approach to the static yield point is reached. When the yield point is reached, 
corrosive effect is increased very much. 

It would be appropriate in connection with corrosion-fatigue if the relation between 
the diameter of a specimen or shaft and the value of the fatigue limit under corrosion 
was carefully established. Until this is done the value of corrosion-fatigue for large 
shafts such as are used on ships cannot be correctly arrived at and applied. For a 
particular steel it is not supposed that the same proportional decrease of fatigue 
limit due to corrosion exists in a large specimen as in asmall specimen. Should such 
seem to be the ease it would suggest that a corrosion-fatigue limit does not really exist. 

It is believed that if a corrosion-fatigue limit exists, mathematically the values can 
be somewhat anticipated for various sizes of specimens. However, it is also believed 
that this should be established experimentally before it can be used with reliability. 


W. B. Pricn, Waterbury, Conn. (written discussion).—We have recently encoun- 
tered what was at the time a baffling case of premature fatigue failure. Certain articles 
of low brass, which usually withstood 100,000 bending reciprocations without failure 
cracked in specific cases, upon less than 10,000 reciprocations. An investighient 
revealed that while the general surface of the article did not seem to be appreciably 
corroded, the fatigue cracks were decidedly discolored and in our estimation que 
definitely corroded. 
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Dr. McAdam’s paper has convinced us that these failures were due to corrosion- 
fatigue and precautions have accordingly been taken which we hope will prevent 
recurrence of the trouble. We extend our thanks to Dr. McAdam for presenting his 
work before the Institute of Metals Division, for we believe that this aspect of fatigue 
will prove to be of very great importance. 


D. J. McApam, Jr. (written diseussion).—Dr. Rawdon’s statement that “the 
severity of the corrosive attack, at least as ordinarily measured, is directly proportional 
to the length of the corrosion period”’ is, I believe, not generally correct. The effect 
of time on the rate of corrosion depends largely on the character of the surface film. 
Some films are protective, others tend to accelerate cortosion. As pointed out in the 
paper, a carbonate water has a decidedly protective action against stressless corrosion 
of steel. : AP 

It may be true in special cases that the loss i weight is proportional to corrosion 
time. Even in such eases, however, it should not be assumed that the fatigue limit 
would fall at a uniform rate or that the stress-concentration ratio would rise at a 
uniform rate. 

His incorrect assumption in regard to the effect of prior-corrosion time on the 
fatigue limit leads Dr. Rawdon to an unwarranted implication in regard to the surface 
finish of the specimens used in the investigation; in spite of the statement on page 574 
of the paper that the surface finish was “sufficiently smooth to permit examination of 
the structure at a magnification of 100.” As this statement with the accompanying 
references distinctly implies, there were in these specimens no more effects of machin- 
ing, grinding; etc., than in any well prepared metallographic specimens. Etching of 
these fatigue-test specimens reveals no such defects as Dr. Rawdon imagines. 

Investigation at the Naval Experiment Station several years ago showed that 
removal of the surface film by etching does not appreciably lower the fatigue limit. 
After reading Dr. Rawdon’s discussion, however, a previously polished specimen was 
selected at random, etched with nitric and picric acids, and examined under the micro- 
scope at a magnification of 100. The microstructure revealed by this etching was free 
from distortion and the surface was free from scratches. Subsequent test of this 
specimen showed that its fatigue limit had not been lowered by the etching. The 
eraphs in Fig. 11, therefore, are undoubtedly a true representation of the effect of time 
on stressless corrosion. 

It is worthy of note that the experiments of R. R. Moore on thin-walled tubes of 
duralumin show the same decreasing effect of time on stressless corrosion. The 
fatigue limit was lowered nearly as much by five days’ corrosion in salt spray as by ten 
days’ corrosion. ; : 

Metallographic studies of corroded specimens will be made as opportunity permits. 
In the meantime there would seem to be no valid objection to discussion of duplex 
alloys such as Muntz metal and chromium-vanadium steel in the same paper with 
alpha solid solutions. 

Dr. Rawdon and Dr. Gillett have, I believe, overemphasized the importance of 
deciding at this time whether or not the origin of notches or cracks (under simultaneous 
corrosion and ecyelic stress) is in the intererystalline boundaries. — As stated by the 
author in reply to discussion of previous papers, the corrosion-fatigue cracks do not 
follow intercrystalline boundaries. As stated in the present paper, the notches formed 
below the corrosion-fatigue limit are perpendicular to the direction of tensile stress. 
The notches in steel at least do not follow intercrystalline boundaries. 

The notches and cracks undoubtedly start at regions where stress and corrosion 
intensity are greatest. Such regions, sometimes at least, are non-metallic inclusions. 
Possibly in some cases the notches start at grain boundaries or at slip lines within the 
grains. Of primary importance, however, is the influence of cyclic stress on the depth 
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and sharpness of the notches and on the fatigue limit. Whether the notches start at 
intercrystalline boundaries or elsewhere is of secondary importance. 

Dr. Gillet’s discussion of the effect of notches on the relation between endurance 
limit, corrosion-fatigue limit and notching limit does not “simplify” these subjects. 
In reply to his surprising question whether there is not “just one endurance limit, the 
endurance limit of the material” I would say that the analysis of the corrosion-fatigue 
process on the second page of the paper is based on the assumption that there is only 
one endurance limit. ‘The discussion on ‘‘stress concentration” and related subjects 
on pages 583 to 587, and in other parts of the paper, is based on the same assumption, 
Are not the ordinates of the graphs in Figs. 3, 11 and 12 based on the same assumption? 

In the remainder of Dr. Gillett’s discussion of the effect of depth and sharpness of 
notches, he merely paraphrases the discussion of this subject in the paper. It should 
be pointed out, however, that the ‘notching limit” does not depend on the endur- 
ance limit. 

I do not agree with Dr. Gillett that it is necessary to continue endurance tests of 
duralumin beyond 100 million cycles in order to determine the endurance limit. 
Owing to ‘scatter,’ the stress-cycle graph for duralumin is usually a relatively broad 
band curving downward toward a horizontal asymptote. Beyond 100 million cycles 
this band is so nearly horizontal that the endurance limit can be determined for all 
practical purposes by determining the position of the band at 100 million cycles or 
even at 50 million cycles. Within the range of stress represented by the nearly hori- 
zontal part of this band, some specimens will break at 50 million cycles. Others would 
break at 50 billion cycles if experiments could be continued so long. 

Mr. Fuller speaks of nascent hydrogen absorption in relation to ferrous alloys. In 
discussion of a previous paper, Dr. Speller suggested the possibility that nascent 
hydrogen may be responsible for the damages to steel under corrosion-fatigue. At 
that time, corrosion-fatigue of non-ferrous metals had not been investigated by the 
author. The fact that corrosion-fatigue damages non-ferrous metals seems to indicate 
that embrittlement by nascent hydrogen is not an essential factor in corrosion-fatigue. 
The fact that between the two stages of a prior-corrosion fatigue test there is some- 
times a time interval of several days, indicates that nascent hydrogen is not a factor 
in the second stage. It has been shown in the paper that the damaging effect of 
corrosion-fatigue is due to the formation of sharp notches, which are due to an unex- 
plained effect of cyclic stress on corrosion. 

Much of the damage that has heretofore been ascribed to hydrogen ‘“‘embrittle- 
ment’”’ is undoubtedly due to corrosion-fatigue. It is doubtless possible to obtain 
hydrogen embrittlement in the laboratory, but the possibility of hydrogen embrittle- 
ment under service conditions has, I believe, been overestimated. 

As suggested by Mr. McKay, a summary to the paper would have been desirable. 
On account of the size of the paper, a summary was not included, but was published 
later in Mining AND Mrratuurey (March, 1928). 

Mr. McKay is correct in his idea that the paper shows the effect of cyclic stress and 
time on corrosion. The ordinates of the graphs in Figs. 3, 11 and 12 are an index of 
the depth and sharpness of pitting and the forms of the graphs illustrate the effect of 
cycle stress-range, time and number of cycles on corrosion pitting. As shown in 
Fig. 3, the effect varies with the electrochemical properties of the metal. For “low- 
potential”? alloys, pitting is negligible below a fairly definite limit, which may be 
called either ‘pitting limit” or “notching limit.” 

The outward curvature after the first steep descent of the graphs for chrome- 
vanadium steel is due in part to decrease in corrosion intensity at the bottoms of 
corrosion pits, in part to local elevation of the endurance limit at the bottoms of the 
pits, and in part to another factor which will be discussed in a later paper. 
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The effect of cycle frequency on the corrosion-fatigue limit has not been thoroughly 
investigated. Increase in time per cycle, however, probably lowers this limit. 

Part VII presents results of a preliminary investigation of the effect of cycle fre- 
quency on corrosion. These results indicate that the penetration per cycle increases 
with increase in cyclic stress-range, and with increase in time per cycle. The time 
rate of penetration, however, increases with increase in cyclic stress-range, and with 
increase in cycle frequency. These conclusions apply only to pitting before depth 
limitation becomes prominent. Investigation of pitting rates is being continued and 
in time it may be possible to answer Mr. McKay’s other questions on this subject. 

In reply to his last question I would say that metals that are most resistant to 
stressless corrosion are usually most resistant to corrosion-fatigue. 

I do not understand the logic of Professor Jasper’s argument that if the corrosion- 
fatigue limit is a variable, it ‘does not really exist.” “That the corrosion-fatigue 
limit varies with corrosion conditions has been shown in previous papers; that it 
varies with cycle frequency seems probable. In the present paper it is suggested that 
the corrosion-fatigue limit is affected by diameter or thickness of specimen. That a 
corrosion-fatigue limit exists, however, numerous stress-cycle graphs bear evidence. 

Mr. Templin compares the results of endurance tests on commercial aluminum 
as presented in this paper with results obtained with another sample of aluminum 
and presented in a previous paper. He concludes that the higher results in the present 
paper are due to the fact that recent tests were not continued beyond 100 million 
cycles. A study of the graph for material IMB in Fig. 8, however, will show that the 
horizontal asymptote could not possibly be 2000 lb. per sq. in. lower, no matter how 
far the curveis extended. A curve that descends only about 300 lb. per sq. in. between 
10 million and 100 million cycles has for all practical purposes reached its endurance 
limit at 100 million cycles. Similar comment applies to the curve in a previous 
paper to which Mr. Templin refers. The different results obtained with the two 
samples of aluminum, therefore, are evidently due to a real difference in the material. 

Even if Mr. Templin’s explanation were correct, however, the conclusions 
expressed in the last paragraph on page 597 would not be altered. 

The corrosion-fatigue graph for aluminum may slope downward even beyond 50 
million cycles. This, however, does not alter the conclusions expressed in the paper. 
These conclusions were based on the fact that 25 day’s corrosion without stress gave as 
low results as 25 days’ corrosion with stress at the corrosion-fatigue limit. The same 
relation would probably hold if comparison were made after longer corrosion time. 


Aluminum-beryllium Alloys 


By R. 8. Arcuer* anp W. L. Fryx,* CLEVELAND, OxIO 


(New York Meeting, February, 1928) 


Tuts paper describes results obtained on aluminum-beryllium alloys 
and aluminum-beryllium-copper alloys in the preparation of which 
aluminum of 99.95 per cent. purity was used. The constitution and 
structure of the high purity binary alloys are given. T he aluminum- 
beryllium eutectic occurs at 0.87 per cent. beryllium and 645° C. The 
solid solubility of beryllium in aluminum at 631° C. is 0.05 per cent. 
beryllium, and at room temperature is less than 0.013 per cent. beryl- 
lium. The densities of the alloys are substantially the same as the 
values calculated on the assumption that the densities of the elements 
are not changed by alloying. All of the alloys age-harden at room 
temperature after a solution heat treatment, and the chill cast aluminum- 
beryllium-copper alloys age-harden at room temperature without a 
prior solution heat treatment. Hardness and tensile properties are 
given. Salt spray corrosion tests on sheet specimens are described. 
It is shown that beryllium does not lower the corrosion resistance of 
aluminum to salt spray provided the alloy has received a solution 
heat treatment. 


CoMMERCIAL POSSIBILITIES OF BERYLLIUM ALLOYS 


Beryllium has certain properties such as low density, high hardness, 
good corrosion resistance, low thermal expansion and fairly good electrical 
conductivity, which would indicate that it is worthy of consideration as 
an ingredient of light alloys. It was not until recently, however, that 
beryllium could be produced with sufficient ease to encourage research 
along this line. The production of beryllium by electrolysis from a 
fluoride bath has now developed to the stage where it could be used 
commercially if there were sufficient demand for the element. 

Claims made in certain newspapers and technical articles in regard to 
the strength and corrosion resistance of the aluminum-beryllium alloys 
are not justified by experimental results. Moreover, beryllium is an 
expensive metal ($200 a pound at the time this work was done) and, on 
account of the nature of its ore and the consequent difficulty of its extrac- 
tion, it will in all probability continue to be a relatively expensive metal, 
although the cost would undoubtedly be a great deal less than $200 a 


* Metallurgical Division, Research Bureau, Aluminum Co. of America. 
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pound if the metal were produced on a large scale. It seemed, therefore, 
that low-beryllium alloys offered the greater commercial possibilities 
except for very special purposes. It was partly for this reason that in the 
present work emphasis has been placed on beryllium alloys of low 
beryllium content. 


PROPERTIES OF BERYLLIUM 


Beryllium is a divalent element which has, the atomic number 4 and 
occurs in the second group of the periodic system. G. P. Thomson! and 
Aston? have examined beryllium for isotopes by the positive-ray analysis 
and found it to be a simple element with an atomic weight of 9. Beryl- 
lium is one of the lightest metals, having a density of 1.84 according to 
the work of Fichter and Jablezynski.* The melting point is high (1278° 
C. according to Oesterheld*). The boiling point has not been determined, 
but Vivian® reports that it is evidently not far above the melting point. 

According to McKeehan® the beryllium space lattice is hexagonal 
close packed, having the dimensions a = 2.283A° and ¢ = 3.607A°, 
which corresponds to the axial ratio 1.580. 

The hardness of beryllium has been determined by several workers. 
According to Fichter and Jablezynski? the scratch hardness is 6 to 7 on 
Moh’s scale. The Rockwell hardness of the beryllium used in the 
present investigation was 81 on the ““B” scale. Vivian® found an average 
Brinell hardness of 140 for beryllium obtained by electrolysis and for the 
first and second sublimates obtained from it. Later sublimates showed a 
lower hardness—even as low as 90. 

All specimens of the metal that have been described are brittle at room 
temperature, and to the authors’ knowledge, there is but one case on 
record of a sample of beryllium being worked at any temperature. 
Fichter and Jablezynski’ have reported this as follows: “No ductility 
could be observed at ordinary temperature; the metal is brittle and falls 
apart when hammered. At higher temperatures it becomes ductile. A 
beryllium ‘regulus’ was laid between two pieces of cast steel, all three 
pieces raised to a red heat, and then pressed together in a vise. There 
was formed a flat piece of beryllium which left its imprint in the surface 
of the steel.” 

During the course of the work described in this paper, it was found 
that light blows on a piece of beryllium while it was in a furnace at 1070° 
C. would sometimes cause local deformation without cracks but the piece 


1 Phil. Mag. (1921) 42, 857. 2 Nature (1923) 111, 739. 

3, Fichter and K. Jablezynski: Uber Beryllium Metall. Ber. der deutsch 
Chem. Gesell. (1913) 46, Pt. 2, 1604. 

4 Zeitschr. anorg. Chem. (1916) 97, 1. 

5 A. C. Vivian: Beryllium. Trans. Faraday Soc. (1926) 22, 211. 

6 Proc. Nat. Acad. Sci. (1922) 8, 270. 7 Op. ctt., 1609. 
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was so brittle that no rolling or forging operations could have been carried 
out. Both higher and lower temperatures were tried with even less 
encouraging results. It may be, however, that extremely pure beryllium 
is sufficiently plastic to be worked at a suitable temperature, probably 
about 1070° C. It is interesting in this connection that when an 
aluminum-beryllium alloy containing 23 per cent. by weight of beryllium 
is cold rolled, the primary beryllium constituent is deformed very con- 
siderably without any cracking (see section on Structure of Aluminum- 
beryllium Alloys). According to Oesterheld this constituent is not pure 
beryllium but contains about 8 per cent. of aluminum in solid solution. 


Taste 1.—Average Coefficients of Expansion of Beryllium Per Degree 


Centigrade* 
Temperature Range, Coefficient of Expan- | Temperature Range, | Coefficient of Expan- 
Deg. C. sion, X 1076 1 Deg. C. sion, X 1076 
—100 to — 50 7.0 | +20 to +300 14.0 
—120 to + 20 8.1 +20 to +400 14.8 
— 50to + 20 9.8 +20 to +500 155) 
+ 20 to +100 12.3 | +20 to +600 16.1 
+ 20 to +200 is ! +20 to +700 16.8 


* Bur. of Stds. Tech. News Bull. No. 118 (Feb., 1927.) 


TaBLE 2.—Physical Constants of Beryllium 


Constant | Value | Authority 

PM AAMUCHINOLON NY ee ke eae 4 
NENONGS Paneer Otc aes Ko | 2 Nilson and Pettersson 
/MioYEOMOA LOCA He Bs lags Sood Goole: 9.018 + 0.002 H6énigschmid 
J NUGOVE NEG VENCA IM che Sire Aces © che ete 9.000 + 0.009 Aston 
‘AtomicJradius.,... 72. 0l yl An 2) 1.00 A° - Huggins 
Datticeds eld Fret n tte ee - Hexagonal close-packed | McKeehan 
AKialna tO seo wie seals eee ek es| 1.58 | McKeehan 
Specific gravity at 20° C. com-_ | 

pared to water at 20° C....... 1.842 | Fichter and Jablezynski 
AGOINIG VOLUN G pers tami erie 4.90 
NMfelting: pointe. tenn eee ten 1278° C. Oesterheld 
Scratch hardness............... 6 to 7 (Moh’s Seale) | Fichter and Jablezynski 
Rockwell hardness:......00. 09.4 81 (B scale) | Obtained in this investi- 

| | gation 
Brinell hardness................} 140 (Electrolytic Be) | Vivian 
Brinell hardnessaacee tee eee 90 (Sublimed Be) Vivian 
Electrical conductivity.......... 5.41 X 104 (20° C.) Re- | Fichter and Jablezynski 
| ciprocal ohms 

Specific heati:.21);, cee ey ee | 0.4246 at 100.07° C. | Nilson and Pettersson 
Heatrof fusiontace em ener “| 277 Cal | Oesterheld 
Heat of oxidation... .......5.. 7 151.5 Cal Copaux and Philips 
Coefficient of expansion......... | See Table 1 Bureau of Standards 
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The coefficient of thermal expansion of beryllium is very nearly the 
same as that of iron. The Bureau of Standards, using beryllium from 
the same source as that used in this work, obtained the values given in 
Table 1, which is taken from the Technical News Bulletin of the Bureau 


of Standards. A number of the physical constants of beryllium are 
given in Table 2. 


LITERATURE ON ALUMINUM-BERYLLIUM ALLOYS 


Several articles and patents on aluminum-beryllium alloys are listed 

in Table 3. Of these, the articles by G. Oesterheld, W. Kroll, and P, 
ALOMUNIUM 9 BERYLLIUN 
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Fic. 1.—A.-BrE CONSTITUTION DIAGRAM ACCORDING TO OESTERHELD. 


Hidnert and W. T. Sweeney are believed to give the most reliable and 
most extensive data. 

Oesterheld investigated the constitution and structure of the binary 
aluminum-beryllium alloys. Thermal and microscopic analyses were 
made on approximately 0.5-gm. samples, which were prepared in a 
hydrogen atmosphere from electrolytically reduced beryllium and 99.8 
per cent. aluminum. Two cooling curves and one heating curve were 
taken for each sample and the corrected temperatures obtained from the 
second cooling curve were used together with the results of microscopic 
investigation to construct the equilibrium diagram shown in Fig. Ly, 
The eutectic temperature was found to be 644° C. and the eutectic com- 
position to be 1.4 per cent. beryllium and 98.6 per cent. aluminum by 
weight. The solid solubility of aluminum in beryllium was found to 
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be slightly less than 8 per cent., and that of beryllium in aluminum less 
than 0.4 per cent. by weight. 


Tape 3.—Articles and Patents on Aluminum-beryllium Alloys 


Author Title Reference 
| 
CoRR vinsontn cote aes Alloying Aluminum Foundry (1913) 41, 321. 
p | with the Rarer | Metal Ind. (1913) 11, 
_ Metals _ 340. 
Oesterheld.. sae. dopioeee one Alloys of Beryllium Zeitschr. anorg. Chem. 


(1916) 97, 6. 


with Aluminum, 
_ Copper, Silver and | 


_ Tron 
H.. SsCoopers.ceesrc = ee arran / Alloys of Aluminum | Am. Pat. 1254987 
_ with Beryllium | 
Cooper Co. a eee eeee ete _ Alloys Brit. Pat. 120565 
Ha hrenvy. lds see nritinn tenor Alloys of Al and Be Am. Pat. 1333965 
and Similar Alloys’ 
Bahren ail lessee | Ger. Pat. 386301 
Metallbank....... TS: Brit. Pat. 155805 
Ge IDK role esc ae ee |U. 8. Pat. 1859813 
GOP Kroll tee eee ee | | Brit. Pat. 164608 
T. Goldschmidt Akt.-Ges......... | | Brit. Pat. 221083 
Metallbank?.. tee aaeeeacucne eee | Brit. Pat. 192414 


E. A. Engle and B. S. Hopkins.... Electrolytic Produc- Trans. Am. Electrochem. 
tion of Beryllium, | Soc. (1924) 45, 475. 
and Metallurgy and 
_ Alloys of Beryllium |, 
ANONYMOUS oe Apes eeietenene eee Beryllium and Its | Iron Age (1926) 117, 220. 
_ Possibilities as an | 
_ Alloying Metal 
We ECTolllc.o: ccc ener eee eee x The Mechanical Metal und Erz. (N. F. 
Properties of the | XIV) (1926) 23, 616. 
Binary Aluminum- 
Beryllium Alloys | 
W. Kroll.................+..:..+.| Imprevable Alumi- | Metal und Erz (N. F. 
/ num Alloys | XIV) (1926) 23, 613. 
P. Hidnert and W. T. Sweeney.... Thermal Expansion Bureau of Standards Sez. 
_ of Beryllium and Paper 565 
Aluminum-B er yl- 
lium Alloys. 


Oesterheld noted that the eutectic consists of much aluminum and 
a little beryllium which is in the form of fine needles. In hypereutectic 
alloys no eutectic structure was observed, and this was explained by 
Oesterheld as being due to the eutectic beryllium crystallizing on the 
primary beryllium constituent. He also noted that the form of the 
primary beryllium constituent varies with the beryllium content of 
the hypereutectic alloys. This. will be referred to again. P 
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Dr. W. Kroll has published two articles on aluminum-beryllium 
alloys (see Table 3). The samples used in the study of mechanical 
properties were sheet tensile specimens about 1 mm. thick, which had 
been heated at 420° C. (788° F.). Table 4 gives the composition of the 


TasLe 4.—Mechanical Properties of Binary Aluminum-beryllium Alloys 


According to Kroll 


Composition, Per Cent. Strangth, : Pad Aare 
DIS CSN RCS eT 
Si Fe Be |, Mm. Ball 
be 0.40 0.30 | 11,100 34.5 25.5 
= 0.45 1.30 12,660 34.5 29.0 
0.55 2.06 | 13,230 30.5 30.5 
0.84 6:06 | 16,410 apts 33.0 
E 2.70 9.87 18,080 21.5 36.0 
& 1.35 20.23 | 22,900 8.9 39.0 
Ei 0.65 8.65 | | 34.5 
a 0.25 | 9,250 | 37.5 22.5 | Pure aluminum 


TapLe 5.—Average Coefficients of Expansion of Beryllium and Aluminum- 
beryllium Alloys 


Hidnert and Sweeney 
ner ee 


Average Coefficients of Expansion per Degree Centigrade 


Material 20° to | 20° to 20° to 20° to 20° to 
100° C., | 200° C., | 300°C., | 400°C., | 500°C.,, 
X10-6 X10-5 X10-6 X10-6 X10-6 
| | | 
Beryllium (98.9 per cent.)......--- pride ayiiiase: vit 1420 14.8 1515 
Aluminum-beryllium alloy (4.2 per | 
Qin Besar Gens popoo mone o ase Poy D2 DBS FE 24.4 DRM 26.5 


Aluminum-beryllium alloy (10.1 | | 
per cent. Be)...-.-:--++-++ ++: 


Aluminum-beryllium alloy (18.6 | 
per cent. Be).:. 0.0.2.2 eee | 20.0 20.8 2271 23.0 24.0 


Aluminum-beryllium alloy (27.5 | 
per cent. Be)...--..-+--++++--° |} 18.8 19.8 Piel PPE Vg ae) 


Aluminum-beryllium alloy (32.7 
per cent. Be) ives ores eres sts] 17.9 ye AEE 21.3 22.3 


Ree Pel ie! ederscertl) Al revere yllasity i tos ee 


specimens, the results of tensile tests, and the Brinell hardness of the 
chill cast ingots (40 mm. sq.) from which the sheet was rolled. In regard 
to these results, Kroll states, “The effect of beryllium on the mechanical 
properties of aluminum is comparable to that of silicon in aluminum, but 


a given per cent. of beryllium has less effect than an equal amount of 
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silicon. The binary aluminum-beryllium alloys do not possess technical 
importance as far as this investigation extends.” 

In the second article, Kroll states that binary aluminum-beryllium 
alloys age-harden after suitable heat treatment, and the aging was 
explained on the basis of a solubility of beryllium in aluminum that is a 
function of the temperature. Kroll states, ‘‘The solid solution of beryl- ~ 
lium in aluminum therefore amounts to as much as 0.3 per cent. at 
640° C. . . . Probably the solubility limit at room temperature lies 
under 0.2 per cent.”’ In regard to the more complex alloys, magnesium 
was shown to change the solubility of berylium in aluminum without 
destroying the age-hardening effect. It was found that magnesium and 
beryllium do not form a compound in the Al-Be-Mg alloys. Silicon 
decreased the age-hardening effect, although no compound between 
beryllium and silicon was found. Aluminum-beryllium alloys containing 
4.5 per cent. copper with or without magnesium age-hardened appreciably 
at room temperature after a solution heat treatment. On summarizing 
the effects of the addition of beryllium to commercial alloys, Kroll 
states... t{ . an addition of a maximum of 1 per cent. beryllium to 
the Lautal and Aludur metals can be indicated as useful. Beryllium is to 
be considered as a substitute for silicon in the results attained, but not in 
the compound Mg.Si. Whether the small improvement of the mechanical 
properties obtained by small additions of beryllium, which is still very 
expensive, is of practical value considering the price, can be decided only 
by technology.” 

The paper by P. Hidnert and W. T. Sweeney (see Table 3) gives 
results on the linear thermal expansion of beryllium (98.9 per cent.) and 
five aluminum-beryllium alloys containing various percentages of beryl- 
lium (4 to 33 per cent.). The results on beryllium have been given above 
and a summary of those on aluminum-beryllium alloys is given in Table 5. 
The coefficients of expansion on the first heating were smaller than those 
on subsequent heatings, on account of a permanent shrinkage of 0.01 
to 0.03 per cent. 


Mareriats Usep IN PRESENT INVESTIGATION 


The beryllium was purchased from the Beryllium Corpn. of America 
and, according to H. 8S. Cooper of that company, it contained 0.89 per 
cent. iron, 0.10 per cent. silicon, no aluminum, and no magnesium. The 
metal was produced electrolytically from a fluoride bath, and remelted 
under a barium chloride flux. 

The aluminum used for most of this work was made by the electrolytic 
refining method of Hoopes,’ and by analysis contained 0.01 per cent. 


* Francis C. Frary: The Electrolytic Refining of Aluminum. Trans. Amer. Elec- 
trochem. Soc. (1925) 47, 275. 
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copper, 0.02 per cent. iron, and 0.02 per cent. silicon. This material will 
be referred to as 99.95 per cent. aluminum. For a few of the samples 
commercial Hall-process aluminum was used, containing by analysis 
0.16 per cent. copper, 0.51 per cent. iron, and 0.18 per cent. silicon. This 
material will be referred to as 99 per cent. aluminum. 

The copper was cathode copper, the iron was Armco iron wire, the 
magnesium was sublimed magnesium of 99.98 per cent. purity made by 
the American Magnesium Corpn. 

¥ 


PREPARATION OF THE ALLOYS 


Binary aluminum-beryllium alloys containing from 1 to 23 per cent. 
of beryllium were most conveniently made in the following manner. 
The aluminum was melted in a Dixon plumbago crucible and brought to 
a temperature of 1000° to 1200° C., depending on the per cent. of beryl- 
lium being added. A small amount of barium chloride was sprinkled on 
the surface of the melt and the beryllium dropped in. If the aluminum 
did not wet the beryllium, a little more barium chloride was added. 
After wetting had been secured, solution was rapid. The metal was 
thoroughly stirred and cast into notch bars. 

Beryllium-rich alloys made in this way were used in making the 
alloys containing less than 1 per cent. of beryllium. 

Since Oesterheld had reported that beryllium carbide was formed in 
some beryllium-rich alloys which were melted in carbon crucibles, plum- 
bago crucibles were avoided during the first part of the work. The first 
small heats were made in alundum boats in an electric furnace with a 
hydrogen atmosphere, no flux being used. Later, in making larger heats 
in a carbon resistor or oil-fired furnace without a hydrogen atmosphere, 
plumbago crucibles lined with magnesia were used. As the work pro- 
gressed, aluminum-beryllium alloys containing up to 23 per cent. beryl- 
lium were made in plumbago crucibles without a magnesia lining. No 
beryllium carbide could be observed and the properties of the alloys so 
produced were comparable with those of alloys produced in magnesia- 
lined crucibles. 

The work was almost completed before the chemical analyses were 
obtained. A comparison of the composition by mixture and the com- 
position by analysis showed that the beryllium content by analysis was 
always the lower. Moreover, the use of flux of NaCl and KCl seemed 
to cause a lowering of the primary beryllium point in a cooling curve. 
Both BaCl, and NaCl + KCl fluxes caused the disappearance of beryl- 
lium from molten aluminum-beryllium alloys. 

As an example of this action, a part of sample 4523, which by analysis 
contained 1.67 per cent. beryllium, was held at 750° to 850° C. under a 
fuse otLNacl-+ KCl tors br, No beryllium could be found by either 
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microscopic examination, or chemical or thermal analysis of the resulting 
material (sample 4529). 

Beryllium has a great affinity for chlorine, and the chloride, BeCl:, 
has been prepared by heating beryllium in a stream of dry chlorine or 
dry hydrogen chloride, or by heating beryllium carbide in either atmos- 
phere. Even beryllium oxide can be converted into the chloride by the 
action of carbon and dry hydrogen chloride, or of carbon tetrachloride. 
It seems plausible, then, that sodium, potassium, or barium chloride 
would react with beryllium to form the chloride BeCl: which has a boiling 
point of 520° C. 

It is evident that no more of the flux should be used than is necessary, 
and that the alloy should not be held molten any longer than is necessary. 

Dr. Kroll prepared his alloys at temperatures above the melting point 
of beryllium and states that a loss of 10 to 20 per cent. of the beryllium 
must be counted on, because of selective oxidation. He does not mention 
the use of any flux. 


ANALYSIS OF THE ALLOYS 


Most of the samples that contained more than 0.2 per cent. beryllium 
were analyzed by J. A. Boyer in the laboratory of the American Mag- 
nesium Corpn. The compositions of the samples that were not analyzed 
were calculated from the compositions of the beryllhum-rich alloys, as 
determined by analysis. 

The method of analysis used was developed from the method of 
Britton,® which depends on the fact that NaBeO: is completely hydrolyzed 
in an alkaline solution under conditions that will not cause a precipitation 
of aluminum. A description of the procedure was furnished by H. E. 
Bakken of the American Magnesium Corpn., as follows: 

“Weigh 1 gm. of well mixed drillingsinto a casserole, cover with water 
and dissolve in 14 ¢.c. of aquaregia. Add 10c.c. of 1:1 H2SO,, fume, and 
separate silicon in the usual manner. Dissolve the residue from the 
silicon determination in a few drops of concentrated H.SO,; and combine 
with the main solution. If copper is present, it is removed by electrolysis 
at this point. Neutralize the solution with freshly prepared 6N NaOH 
and add 13.5 c.c. in excess, stirring until the hydroxides are completely 
dissolved. Dilute to 500 ¢.c. and boil for 40 min., adding water to main- 
tain the same volume. Filter immediately through a moderately close 
filter and wash 20 times with hot water. Ignite in platinum at a bright 
red heat and weigh as BeO plus Fe2O;. The FeO; is determined by 
fusing the mixed oxides with KHSO, and titrating with KMnOg,. 

“In every case, a standard approximating the intended content of 
the alloys was analyzed with it, and a correction applied. The standards 


°H. T. 8S. Britton: Separation of Aluminum from Beryllium (Serial). Analyst 
(1921) 46, 359, 437. 
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were made up from pure aluminum and Himer & Amend C.P. BeCOQs. 
The latter contained a mere trace of aluminum by the Haven’s test 
(HCI gas in concentrated ether-HCl solution). The BeCO ; was evalu- 
ated by precipitation from its solution in HCl with NH,OH and ignition 
to BeO, and checked by direct ignition of the carbonate. Concordant 
results were obtained by the two methods. 

“Blank tests on the reagents yielded no beryllium. 

“The results were computed using 9.02 as the atomic weight of 
beryllium, or in other words, the factor Be/BeO was taken as 0.3605.” 


HARDNESS AND AGE-HARDENING OF: ALUMINUM-BERYLLIUM ALLOYS 


Immediately after casting, Brinell hardness tests were made on 
slabs !4-in. thick, of alloys containing from 0.013 to 0.75 per cent. beryl- 
lium, cast in an iron mold. Tests were also made after a solution treat- 
ment of 24 hr. at 631° C. followed by quenching in water at room 
temperature, and after various periods of aging at room temperature. 

Table 6 gives the Brinell hardness values obtained with 500-kg. load, 
10-mm. dia. ball, and 30 sec. application of load. 


TasBLe 6.—Brinell Hardness of Chill-cast Aluminum-beryllium Alloys 


IperaG@ente Beryllium s.5 2100 4 e.c0eo ene 0.75 | 0.40 | 0.21 0.075 0.025 0.013 
S Dire NOs sees o sons on OOOr Oa | 4319 | 4334 | 4333 4332 4354 4355 
l l 

Immediately after casting........| 25.9 1 228 | 2122 3 1954 17.2 16.8 
Immediately after quenching | | 

(GEE CIS aie 5.0 ord oe nen one) eo |e | 23.8 22.7 ei 24 Is), 70 
Quenched (631° C.) and aged 2 | 

days at room temperature...... | 42.9 39.1 | 37.0 36.8 24.3 16.9 
Quenched (631° C.) and aged 3 | | | ; 

days at room temperature......) AZ || Bishsts || akon) || akoaay | Pyne: 16.8 
Quenched (631° C.) and aged 10 | | 

days at room temperature...... 42.7 39.0 | 37.8 36.8 24.6 17.4 
Increase due to aging*...........| 15.4 | 14.9 Pis-aa) 1316 6.9 ie 
Per cent. increase due to aging.... 56 61 | 56 61 | 40 : 


* Difference between average of values in rows 3, 4, and 5 and value in row 2. 


Sotip SOLUBILITY OF BERYLLIUM IN ALUMINUM 


Assuming the validity of the precipitation theory of age-hardening, 
these results give a close approximation to the solubility of beryllium in 
aluminum at 631° C. This is shown graphically in Fig. 2. The break 
in the curve at about 0.05 per cent. beryllium would indicate that only 
0.05 per cent. beryllium will dissolve in aluminum under the conditions 
- described. The fact that a slight age-hardening effect is obtained with 

0.013 per cent. beryllium indicates that the solubility of beryllium in 
aluminum at room temperature is less than this amount. 
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Although it would be very difficult, if not impossible, to determine 
accurately the solid solubility by microscopic methods on account of 
the very low solubility and the difficulty of getting a satisfactory polish 
on such soft specimens, nevertheless a rough check was possible. Beryl- 
lium particles could be seen in the microsection of sample 4333 (0.21 


BRINELL HAERONESS (500 46. 10MM BALL) 


00 a./ 0.2 O.F OF OS 06 0.7 


BERYLLIUM /N WEIGHT PERCENT 


Fra. 2.—BrINELL HARDNESS OF CHILL-CAST SPECIMENS QUENCHED FROM 631° C. AnD 
AGED AT ROOM TEMPERATURE FOR 10 DAyYs. 


per cent. Be), which had been held at 639° C. for 50 hr. and quenched 
but it was very difficult to decide whether all of the small particles a 
sample 4332 (0.075 per cent. Be) were polishing defects or whether some 
of them were beryllium. As a result of microscopic examination, it 
seemed that the solubility of beryllium in aluminum at 639° C. was mien 
nearer 0.075 per cent. beryllium than 0.21 per cent. beryllium. 


THERMAL ANALYSIS 


Cooling curves were run on five samples of which the beryllium con- 
tent lay in the range 0 to 2.0 per cent. The samples weighed between 200 
and 400 gm. and the procedure used was as follows: The metal was heated 
in a small Hevi-Duty crucible-type electric furnace to a temperature well 
above the liquidus (from 750° C. to 900° C. depending on the beryllium 
content), thoroughly stirred with a tungsten or carbon stirring rod, and 
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a small amount of it poured into an iron mold which gave samples !4 in. 
thick for chemical analysis. The rest of the metal was replaced in the 
furnace and a fused silica protection tube (8 mm. outside diameter, 6 
mm. inside), which had been coated with ‘“Blackene”’ stove polish to 
protect it from the melt, was inserted so that the end was approximately 
twice as far from the top of the melt as from the bottom. A layer of 
finely divided alumina was placed on the surface of the melt, the openings 
in the furnace top were covered with asbestos sheet, and the metal allowed 
to soak for a few minutes to insure thermal equilibrium. During this 
interval, the temperature of the bead of the thermocouple (No. 18 B. 
& S. gage chromel-alumel couple) was determined simultaneously by 
means of a calibrated mercury thermometer and by reading the voltage 
of the couple in order to determine whether or not the cold junction had 
reached the temperature (0° C.) of the ice and water bath in which it 
was immersed. The thermocouple was inserted in the protection tube, 
the furnace current shut off, and the cooling curve followed with a Leeds 
and Northrup type K potentiometer, as the metal cooled in the furnace 
at approximately 2° C. per minute. The thermocouple was frequently 
checked at the freezing point of the 99.95 per cent. aluminum (660° C.). 

The primary beryllium points were weak, especially for the 1.34 per 
cent. beryllium sample, and may be low on account of undercooling. An 
attempt was made to determine the extent of undercooling by taking a 
heating curve, but the primary beryllium point could not be detected at 
all on the heating curve. The eutectic arrest occurred at the same 
temperature on the heating and cooling curves. 


REVISED CONSTITUTION DIAGRAM 


In view of the results described, a revised constitution diagram was 
constructed (Fig. 3). The liquidus from 0 per cent. beryllium to the 
eutectic is believed to be accurate, but beyond the eutectic it is uncertain 
and is indicated by a dotted line. 

The eutectic composition (0.87 per cent. beryllium) was determined by 
the intersection of the hypoeutectic liquidus curve with the eutectic 
horizontal. Moreover, microscopic examination placed the eutectic 
between 0.75 per cent. beryllium and 0.95 per cent. beryllium. The 0.75 
per cent. sample contained many primary aluminum dendrites, and 
the 0.95 per cent. beryllium sample contained several particles of 


primary beryllium. 
The eutectic temperature was placed at 645° C. by both cooling and 
heating curves. 
The solid solubility is indicated by a dotted line because only one 
definite point is known—that at 631 Gras determined by the hardness 
tests described. Besides this point, the microscopic examinations, 


. 
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the approximate solubility at room temperature, and the fact that solu- 
bility usually changes more rapidly near the eutectic temperature, have 
aided in sketching in this curve. 


TEMPERATURE (MN DEGREES CENTIGRHIE 


OVO CALIE OSV ORE FFM Ou CMA. 


BEPYLLIUIA (IN WEIGHT PERCENT 
Fria. 3.—REVISED CONSTITUTION DIAGRAM. 


STRUCTURE OF ALUMINUM-BERYLLIUM ALLOYS 


The beryllium constituent is much harder than aluminum, and unless 
the particles are very small they stand out in relief after polishing. On 
this account, and because the beryllium constituent is of a fairly dark 
blue-gray color it can, in most cases, be easily recognized without any 


Fic. 4a.—EurTscric AREA IN 1.34 PER CENT. BE CHILL-CastT AL-BrE ALLOY. SAMPLE 
No. 4406. ErcuHep wity 5 per cent. HNO; + 1 per cent. HE. > 1000. 

Kia. 4b.—EvuvtTncric AREA IN 1.384 PER CENT. Br cHILL-cAstT AL-BE ALLOY. SAMPLE 
No. 4406. Ercump wity 5 ppr cent. HNO; + 1 per cent. HF. X 1000. 

Fig. 5.—STRUCTURE OF 0.75 PER CENT. BE CHILL-cAST AL-Br ALLOY. SAMPLE 
4319. ErcHrD witH 10 ppR cENT. HNO; + 2 per cent. HE. X 100. 

Fig. 6.—STRUCTURE OF 1.85 PER CENT. CHILL-cAsT AL-Br ALLOY. SaAmpuLeE 4303. 
No grcH. X 100. 

Fre. 7.—Srructure or 1.85 per CENT. Be cuHiut-cast AL-Br ALLOY. SAMPLE 
No. 4378. Ercurep with 5 per cent. HNO; + 1 per cent. HF. X 500. 

Fig. 8.—STRUCTURE OF 1.85 PER CENT. BE SLOWLY COOLED AL-BE ALLOY. SAMPLE 
No. 4378. Ercuep witH 5 prR cent. HNO; + 1 per cent. HF. X 100. 
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etching. When the particles are very fine, as in a chill-cast eutectic, or 
in heat-treated samples which are near the solid-solubility curve, an 
alternate etching with 0.5 per cent. HF and light polishing on the last 
cloth uncovers beryllium particles over which aluminum has been flowed 
in polishing. One etch with 5 per cent. HNO; + 1 per cent. HF will 
accomplish the same purpose, but attacks and darkens the constituent 
considerably. The latter method is, however, satisfactory for most 
purposes, is quicker, and gives better contrast in photomicrographs. 

The eutectic aluminum-beryllium alloy consists of colonies of needles 
which are very much like those of the aluminum-iron eutectic." This 
structure is shown in Figs. 4a and 4b. The size of the needles increases 
with the solidification time but the eutectic has the same form whether 
chill cast, sand cast, or slowly cooled. 

In hypoeutectic alloys, the structure consists of aluminum dendrites 
surrounded by eutectic. Fig. 5 shows the structure of a chill-cast hypo- 
eutectic alloy at 100 dia. magnification. As can be seen at higher 
magnification, the eutectic is similar in structure to that of the eutectic 
alloy except that the needles are shorter. 

In hypereutectic alloys the structure varies with the rate of solidifica- 
tion. The structure of a chill-cast hypereutectic specimen, sample 
4303, containing 1.85 per cent. beryllium is shown in Fig. 6. The sample 
was a rod of 3¢-in. dia., cast in a graphite mold having an outside 
diameter of 2in. This arrangement of small rounded beryllium particles 
to form stars, asterisks and triangles is typical of alloys of this com- 
position cast in graphite molds. Little if any eutectic structure can 
be found. 

With somewhat slower solidification the structure is very different. 
Fig. 7 (sample 4378) shows the structure of a 14-in. slab which was cast 
in a hot iron mold.!! In this are found primary beryllium, aluminum 
dendrites and aluminum-beryllium eutectic. 


10H). H. Dix, Jr.: A Note on the Microstructure of Aluminum-iron Alloys of High 
Purity. Proc. Amer. Soc. for Test. Mat. (1925) 25, 2. 

1 No analysis was made of this sample but the intended composition was the same 
as 4303 and the microscopic examination of both samples in the furnace-cooled condi- 
tion shows that they are very nearly of the same composition. 


Fig. 9a.—SrRucTURE OF 1.85 PER cENT. BE AL-BE ALLOY ALLOWED TO SOLIDIFY 
IN FURNACE. SAMPLE No. 4303. Nortcu. X 100. 

Fic. 9b.—StructureE or 1.85 per cenT. Be AL-Br ALLOY ALLOWED TO SOLIDIFY 
IN FURNACE. SAMPLE No. 43803. Noerrcu. X 100. 

Fia. 9¢.—Strructrure or 1.85 per cent. Bh At-Br ALLOY ALLOWED TO SOLIDIFY 
IN FURNACE. SAMPLE No. 43878. Nortcu. X 100. 

Fic. 10a.—SrrucTURE OF CHILL-CAST 23 PER CENT. BE ALLOY. SaAmpuE No. 4403. 

Noertco. X 100. 
Fig. 10b.—LoNGITUDINAL SECTION OF 23 PER CENT. Br sHEET. SAampie No. 4403. 
x 100. 
Fic. 1la.—Cnuin1-casr 0.75 Per CENT. Br At-Bb ALLOY. Sampur No. 4319. Ercurp 
WITH 10 PER CENT. HNO; + 2 per cent. HE ror 2 sec. > 100. 
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When some of the same sample was allowed to solidify in the crucible 
which had been removed from the furnace, there were larger particles of 
primary beryllium and eutectic but no aluminum dendrites, as is shown 
in Fig. 8. 

The structure of samples 4303 and 4378 which have been allowed to 
solidify in the furnace is shown in Figs. 9a, 9b, and 9c. The primary 
beryllium particles are generally irregular in shape, and frequently they 
are so arranged as to have the appearance of a large needle broken into 
pieces. Occasionally one of the beryllium particles will have a regular 


11b lle 


Fra. 11b.—SAME SAMPLE AS SHOWN IN Fic, lla AFTER HEATING AT 600° C. FoR 
18 HR. AND QUENCHING IN WATER. SAMPLE No. 4319. Ercurep wits 10 PER CENT. 
HNO; + 2 per cent. HE ror 2 sec. X 100. 


Fia. 1le.—SAME SAMPLE AS SHOWN IN Fic. lla AFTER HEATING AT 600° C. FoR 
24 HR. AND 637° C, ror 18 HR. AND QUENCHING IN WATER. SAMPLE No. 4319. Ercurp 
witH 10 per cent. HNO; + 2 per cent. HF ror 2 sxc. X 100. 


hexagonal shape. In addition to the large particles, there are many 
small needles and small hooked particles which have little resemblance 
to the eutectic structure in eutectic and hypoeutectic alloys. 

The per cent. of beryllium has a pronounced effect on the structure 
of hypereutectic aluminum-beryllium alloys. The higher the beryllium 
content, the more difficult it is to develop a typical eutectic structure. 
In a 23 per cent. beryllium sample no eutectic could be found regardless of 
the cooling rate used. The highest beryllium content used in this work 
was 23 per cent., but Oesterheld reports a change in structure as the 
beryllium content is increased beyond this point. To quote from 
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Ocsterheld’s paper: “In sections with a higher beryllium content, the 
primary beryllium constituent is easily recognized. When the tempera- 
ture of the primary separation is below 900° C. the beryllium crystals 
have an angular form. If the primary separation takes place at 1000° C., 
the boundaries begin to round off, although in this case, as at lower 
concentrations of beryllium, there is found an arrangement of crystal 
branches and six pointed stars. On the other hand, when most of the 
crystallization takes place above 1000° C., as when the beryllium content 
is 71.3 atomic per cent. (45.5 weight per ceft.), the rounding of the 
particles of constituent is complete. These relations are similar to those 
of the bismuth-copper system.’’!% ; ae 

The effect of rolling on the structure of a 23 per cent. beryllium alloy 
is shown in Fig. 10. A chill-cast sample (notch bar) of 4403 had the 
structure shown in Fig. 10a. An ingot (6 by 3 by 1376 in.) cast in a 
eraphite mold was rolled into sheet approximately 0.058 in. thick. In 
the rolling operation this sheet received 50 per cent. reduction by cold 
working. Fig. 10b is a longitudinal section of the sheet so produced. 
It will be noted that the primary beryllium particles have been elongated 
by the rolling although they might have been expected to be 
very brittle. 

The effect of heat treatment on the structure of a hypoeutectie chill- 
cast alloy is shown in Fig. 11. Fig. 11a shows the as-cast structure— 
primary aluminum dendrites surrounded by eutectic. Fig. 11b shows 
the structure of a specimen of the same sample after holding at 600° C., 
for 18 hr. and quenching in water. The eutectic structure has lost its 
characteristic appearance, and the beryllium particles have been spheroid- 
ized by the heat treatment. There is still slight evidence of the 
original dendritic structure. Fig. Ile shows the structure of another 
specimen of the same sample which had been held at 600° C. for 24 hr., 
and then at 637° C. for 18 hr. and quenched in water. The beryllium 
particles are larger, and all indications of a dendritic structure have 


been lost. 


Tensile and Hardness Tests of Sand Cast 0.5 Per Cent. Beryllium Alloy 


Standard 14-in. dia. tensile test bars of sample 4347 (0.50 per cent. 
beryllium) were cast in sand molds. Some of the bars were given a solu- 
tion heat treatment which consisted of heating at 632° C. for 30 hr. and 
quenching in water at room temperature. The results obtained are given 


in Table 7. 


12 Alloys of Beryllium with Aluminum, Copper, Silver and Iron. Zeitschr. anorg. 


Chem. (1916) 97, 6. a 
13. H. J. A. Tammann: Lehrbuch der Metallographie. Voss, 1923, Leipzig. 
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Tapie 7.—Tensile Properties and Brinell Hardness of Sand-cast 0.50 Per 
Cent. Beryllium Alloy 


Yield Tensile . | _Brinell 
Condition Point, | Strength, | Per Gente in | arinene 
bes In. Sq. In. 3 10-mm. Ball 
As cast—immediately after cast-_ 

LTO ne ean enone NO eeu: | 12,320 41.8 Zed 
As cast—18 days after casting. . br l2oen a LL O2Ze 36.0 | 2S 
Immediately after quench (632° | 

ane Re) Rn wetin octricc 13,130 3220 23.2 
Quenched and aged 3 days at 

room temperature....... 16,925 22.8 36.8 
Quenched and aged 6 dave ve 

room temperature..........- 11,400 17,050 23.5 37.4 
Quenched and aged 11 days at. | 

room temperature........-.- | 13,180 16,770 27.5 | 35.8 


i 


Fach value is the average from two bars. 


TENSILE AND HARDNESS TESTS OF ForGED 0.075 PER CENT. BERYLLIUM 
ALLOY 


A binary aluminum-beryllium alloy containing 0.075 per cent. beryl- 
lium (sample 4386) was cast as a 4-in. square ingot, and forged into a bar 
approximately 5¢ in. square. This bar was cut into pieces 7 in. long, 
some of which were used for hardness measurements and some of which 
were turned down into standard 0.505-in. dia. tensile test bars. 

Two square bars for hardness tests and two tensile test bars were 
heated 20 hr. at 631° C. and quenched in ice water. The hardness results 
are shown in Table 8. 


Tasue 8.—Tensile and Hardness Tests of Forged 0.075 Per Cent. Be Alloy 


ons Hardness—500-kg. Load 
Condition 100 mm. Ball, 30 See. 


Immediately after quenching (631° C.). =... ..............- 20 
Quenched and aged 16 hr. at room temperature............. | 31 
Quenched and aged 38 days at room temperature............. 34 
Quenched and aged 10 days at room temperature............ | 34 


After quenching and aging at room temperature for 10 days the tensile 
test bars gave the following results: 


Parenvat | Yield Point,* | Tensile Strength, | Elongation, 
7 a ee Lb. per 8 _In. Lb. per Sq. In. | Per Cent! in 2 In. 
| | | 
4386-4 | 10,500 | 13,950 40.5 


4386-5 10,650 | 14,250 | 36.0 


* The value referred to as ‘‘yield point”’ is the stress which produces a total exten- 
sion under load of 0.5 per cent. of the gage length. 
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TABLE 9.—Tensile Tests on Aluminum-beryllium Alloy Sheet* 
} 
~ Yield Tensile 
Sample Beryl- Sen | Gena Point Strength Elongation ee Sclero- 
Number lium, Per Cent., tion Zz Per Cent.’ ee scope 
Per Cent. J | in2itne Wie kg.Load, Hardness 
| Lb. per Sq. In. 5-mm. Ball 
| 
4384 0 99.95 | H 16,350 18,600 5.5 
4395 0.013 | 99.95 H 17,400 19,200 2.5 
4396 0.025 | 99.95 H 15,500 20,200 3.0 
4397 0.05 99.95 H 15,600 18,900 2.5 
4398 0.075 | 99.95 | H 15,850 17,950 © 6.0 
| | 
4384 0 99.95 (a) 1,500 9,125 43.2 UD 4 
4395 | 0.013 | 99.95 | O 3,070 -| 9,110 744.0 
4396 0.025 | 99.95 | (6) 3,230 9,260 41.5 
4397 0.05 | 99.95 | ) 3,220 9,400 44.0 
4398 | 0.075 | 99.95 O 3,450 9,255 | 48.0 18.4 4 
4384 0 99.95 Ww 2,970 6,240 19-38 
4395 0.013 | 99.95 | Ww 2,840 7,290 34.5 
4396 0.025 | 99.95 | Ww 4,300 8,230 23.0 
4397 0.05 99.95 | Ww 8,420 12,160 15.0 
4398 0.075 | 99.95 Ww 10,720 | 14,950 | 22.0 
| | 
4384 0 99.95 Ty 2,100 6,085 29-33 16.1 3 
4395 0.013 | 99.95 Aly 3,490 7,450 | 19-32 
4396 0.025 | 99.95 de 5,500 8,980 | 24 
4397 | 0.05 | 99.95 | rT 9,530 12,370 | 16 
4398 0.075 | 99.95 | 1 12,050 15,395 | 19.5 34.7 11 
4399 0 | 99 H 20,250 25,050 5.5 | 
4400 0.025 | 99 H 21,000 24,880 | 5.0 
4401 0.05 99 | H 22,180 25,240 | 5.5 
4402 0.075 | 99 H 20,600 24,850 5.5 
4399 0 99 | O 5,550 14,435 | 35.2 26.6 6 
4400 0.025 | 99 | ) 4,680 13,520 | 37.0 
4401 0.05 99 oO 5,290 14,000 | 34.0 
4402 0.075 | 99 @) 4,200 13,255 35.8 24.6 6 
4399 | 0 99 WwW 6,200 14,200 35.0 
4400 | 0.025} 99 Ww 5,410 13,730 36.0 
4401 | 0.05 99 Ww 5,220 14,040 36.0 
4402 0.075 | 99 WwW 6,300 14,350 | 34.0 
4399 0 99 T 3,550 12,965 40.2 23.6 5 
4400 0.025 | 99 au 5,370 13,890 | 34.0 
4401 0.05 99 T 7,400 15,270 26.0 
4402 0.075 | 99 a8 9,000 16,835 26.7 33.9 10 
4403 23.0 99.95 H 35,000 38,040 | 4.0 54.9 19 
4403 23.0 99.95 (a) 16,880 26,460 | 12.5 
4403 23.0 99.95 WwW 18,630 30,160 | 12.5 
4403 23.0 99.95 ap 24,250 33,425 | 11.8 53.4 ie 


he ee SS Ee 
Each value is the average of two or three tests. 
H = As rolled; 50 per cent. reduction by cold working. 
O = Annealed by heating to 300° C. and cooling with furnace. 
W = Heated at 620° C., quenched in water, and tested immediately. 
T = Heated at 620° C., quenched in water, and aged nine weeks before testing. 
* All specimens were 14 gage (Brown & Sharpe). 


. 
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TENSILE AND HARDNESS TESTS OF ALUMINUM-BERYLLIUM ALLOY SHEET 


Alloys were made containing various amounts of beryllium and using 
99.95 per cent. aluminum for one series and 99 per cent. aluminum for the 
other. They were cast in a graphite mold into ingots approximately 
6 by 4 by 1346 in. About 1 in. was then cropped from the top of the 
ingots and the remaining pieces were rolled into No. 14 gage (B. & 8.) 
sheet on the experimental mill in the Metallurgical Laboratory of the 
Aluminum Company of America at New Kensington, under the direction 
of E. H. Dix, Jr. The reduction by cold working was 50 per cent. Ten- 
sile test specimens cut in the direction of rolling were machined and 
returned for heat treatment. 

In Table 9, giving the tensile and hardness results, the condition of the 
alloy is given by the symbols H, O, W, and T. The samples marked [7 
were tested in the as-rolled condition (50 per cent. reduction by cold 
working). Samples marked O were annealed by holding at 300° C. 
(572° F.) over night and cooling with the furnace. Specimens marked 
W were heat treated and tested immediately after quenching in water at 
room temperature. The heat treatment was at 620° C. for 1.5 hr. except 
for samples 4400 and 4401, which were held at 600° C. for 15 hr. and then 
at 620° C. for 1 hr. The specimens marked T were heat treated at the 
same time as the specimens marked W, but were allowed to age at room 
temperature for approximately nine weeks before testing. 


DENsITy OF ALUMINUM-BERYLLIUM ALLOYS 


The densities of some aluminum-beryllium alloys were calculated on 
the assumption that the densities of the elements remain the same after 
alloying, and the results are given in Fig. 12. This assumption has been 
found to give a very close approximation for many alloys. 

Density measurements were made at New Kensington, by C. 5. 
Taylor, on three samples of aluminum-beryllium alloy sheet in the 
as-rolled condition (50 per cent. reduction by cold working). The 


TaBLE 10.—Densities of Aluminum-beryllium Alloy Sheet 


Sample | Per Cent. Be by 


Nae Weight Observed Density ,  Caleulated Density 
7 i | 
4395 | 0.013 2.699 | 
4398 | 0.075 | 2.698 | 
4403 | 23.0 | 2.435 | 2.438 


results are given in Table 10. It will be noted that the agreement 
between the observed and calculated value for the 23.0 beryllium sample 
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is very good. It is probable therefore that the difference between 
observed and calculated values would not be large at any point on 
the curve. 


250 


240 


250 


220 


CALCULATED DENS/TIES 


SIO 


180 


Oo 2a 40 60 GO 109 


LR YLLIOM IN WEIGHT PERCENT 
Fig. 12.—CaLCULATED DENSITIES OF AL-BE ALLOYS. 


ALUMINUM-BERYLLIUM-COPPER ALLOYS 


Considerable work was done to determine the effect of small beryllium 
additions on a number of different alloys which could be age-hardened 
without the beryllium. In general the addition of beryllium increased 
the Brinell hardness of the alloys a few points—usually two to four 
points, sometimes as much as ten, in a few cases none. This was true 
of both the as-cast specimens (chill cast), and those which had been 
given a solution heat treatment and allowed to age at room temperature 
for a week or two. One exceptional case was found; that of the alumi- 


num-beryllium-copper alloys. 


638 ALUMINUM-BERYLLIUM ALLOYS 


A binary aluminum-copper alloy made from 99.95 per cent. aluminum 
ingot and cathode copper and containing 4.0 per cent. copper had a 
hardness of 47-when east in an iron mold into a slab !4-in. thick. Upon 
aging at room temperature without a solution heat treatment, the hard- 
ness changed very little. The maximum reading obtained was 49 
(with 8 and 16 days aging). Likewise, a sample made from 99.95 per 
cent. aluminum and containing 0.50 per cent. beryllium did not age- 
harden appreciably at room temperature without a solution heat treat- 
ment when chill east in the same manner as the aluminum-copper alloy. 
The hardness immediately after casting was 25.9 and after aging at room 
temperature 22 days was 26.1. However, it was found that aluminum- 
beryllium-copper alloys containing 4.0 per cent. copper and 0.54 per 
cent. beryllium did age-harden considerably under the same conditions. 
The hardness immediately after casting was 49 and after aging 13 days 
at room temperature was 62. Samples of other compositions behaved 
in a similar manner. 

Moreover, it was found that after a solution heat treatment some of 
the samples containing beryllium age-hardened more at room tempera- 
ture than the corresponding samples without beryllium. 

Three series of aluminum-beryllium-copper alloys were made and 
cast in an iron mold into slabs !4 in. thick. In one series the copper was 
held constant at 3.0 per cent. and the beryllium contents were 0.025 per 
cent., 0.05 per cent., 0.125 per cent., 0.48 per cent. In another the copper 
was 4.0 per cent. and the beryllium 0.00 per cent., 0.05 per cent., 0.10 per 
cent., 0.15 per cent., 0.25 per cent., and 0.54 per cent. In the third series 
the copper was 5.5 per cent. and the beryllium 0.00 per cent., 0.025 per 
cent., 0.05 per cent., 0.075 per cent., 0.125 per cent., 0.47 per cent. Speci- 
mens of each alloy were Brinelled immediately after casting and after 
various periods of aging at room temperature. Other specimens of each 
alloy were given a solution heat treatment (at 589° C. for 3 per cent. cop- 
per series, 550° C. for 4 per cent. copper series, and 540° C. for 5.5 per 
cent. copper series, quenching in water at room temperature) and 
Brinelled immediately after quenching and after various periods of aging 
at room temperature. Tables 11 to 16 give the results obtained. 


TABLE 11.—Brinell Hardness of 3 Per Cent. Copper Series without Heat 
Treatment 


Batiplen i sircc Wepcasusrare sea Vues Nee tie ete anaes eee | 4380 | 438 382 s| 838i 
Beryllium,’ Per Cunt a. ecc vee anise a ce ee | _ 0.025 O os Obs Of 
Immediately after casting................. | sou eds 48 | - 44 
Aged 1 day at room temperature........... 55 58 Bal ieee ae 
Aged 8 days at room temperature.......... | 60 64 60 60 
Aged 19 days at room temperature. ........| 67 67 64 61 
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TABLE 12.—Brinell Hardness of 3 Per Cent. Copper Series Quenched from 


589° C. 

SOUND Gig a de aecitee eze OG Me CeO NCR EE eeTRIEL ee ee | 438 : 385 é 
erpilinnm VERNA OA 1S 5 ee ila i Ayr oe ea O025 O65 0185 Ost 
Immediately after quenching........... sil) a taP2 58 57 51 
Quenched and aged 2 days at room aes | 

GUT Gest ceteicts sates stew Sok See Ssh esos a 79 87 86 81 
Quenched and aged 6 days at room tempera- " 

ULE mete eerie cra es Sis cinis < wnte.g Sohe0d cia ad 78 88 87 81 
Quenched and aged 12 days at room tempera 

UNCER os Sa en 83 pts ¥i 87 83 


TaBLE 13.—Brinell Hardness of 4 Per Cent. Copper Series without Heat 


Treatment 
ope A a oe ee ae | 4408 | 4409 | 4410 | 4411 4412 | 4413 
iBervilname er Gents... ccm ean keace nee | 0 005 0.10 0.15 0.25 0.54 
| | | 
Immediately after casting. . 3 | 150) 50 48 49 
Aged 13 days at room eee ee 67 65 62 
Aged 14 days at room temperature 4 64 


TaBLE 14.—Brinell Hardness of 4 Per Cent. as Series oe from 


BOUT Ge 
Sani Gs cork weno on a cb ae errneere | 4408 4409 | 4410 4411 4412 4413 
Beryllium eer Cents ecm taie (aos) 0 0.05 | 0.10 0.15 0.25 0.54 
| | 
| | 
Immediately after quenching...... 60 58 | 65 67 | 62 54 
Quenched and aged 1 day at room | | | 
EMM PCLALUT Caranee taker aerate -t | hs || ahs 89 90 89 83 
Quenched and aged 2 days at room | | | 
UOMO STIR, concn anesaceban 79 | 82 92 93 | 91 87 
Quenched and aged 5 days at room | 
GETING RA UUTC pete meen eter 82 | 89 | 91 92 | 91 86 
| 
Quenched and ae 12 days at | | 
room temperature.:.2-2....5--.| 8 | 93 | 97 98 | 94 87 


Taste 15.—Brinell Hardness of 5.5 Per Cent. Copper Series without Heat 


Treatment 
BERN St fants csarr 4391 4392 4393 4394 
pe iis Per Cc ee ge rte ee Picton Al 0.025 0.075 0.125 | 0.47 
| 
| my 
Immediately after casting.............---- 64 64 | 64 | 56 
After 3 days at room temperature........-. “il 74 74 65 
Aged 8 days at room temperature........-- 73 73 i | 8 
Aged 15 days at room temperature........- 74 77 ad | 69 


. 
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Tapue 16.—Brinell Hardness of 5.5 Per Cent. Copper Series Quenched 


ee ee ee SS ee 
Sagenierk G04 See ae tecmn {4e72} | 4301 { 4371\ | 4392 | 4303 | 4304 
Beryllium, Per Cent..........+++++++e+> 0 0.025 0.05 0.075 0.125 0.47 
Immediately after quenching.....| 76 70 70 66 65 61 
Quenched and aged 1 day at room 

hempeEravure jarader -aatuetcs aceod om 85 spy) Rv 83 82 
Quenched and aged 5 days at 

room temperature............. 95 88 91 87 87 88 
Quenched and aged 13 days at | 

room temperature.............| 95 | 92 | 98 90 92 87 


es a eS eS a 


These results show that beryllium increased the hardness of the 3 
per cent. copper and 4 per cent. copper alloys both with and without heat 
treatment. The optimum beryllium content is between 0.05 and 0.25 
per cent. In the case of the heat-treated 5.5 per cent. copper alloys the 
beryllium was somewhat detrimental to hardness. 

In order to determine the improvement in tensile properties due to 
beryllium permanent mold test bars of !9-in. dia. of the compositions 
shown in Table 17 were heated at 538° C. for 18 hr. and quenched in 
water at room temperature. They were allowed to age for two weeks 
and were then tested with the results shown in Table 17. 


TasLe 17.—Tensile and Hardness Tests of Chill-cast Al-Be-Cu Alloys Heat 
Treated at 538° C. and Aged at Room Temperature 


~ sph] > Yo rs : + . . 
Composition, Per Cent. | yield =| —_Tensile Elongation, | Brinell 


Sample : | Point, Strength, | Per Cent. | Hardness, 
Number Lb. per | Lb. per | in 2 In, 500-kg. Load 

Cu Be Sq. In. Sq. In. 10-mm, Ball 
F c | | | 
4359" | 4.0 0.0 | 22,800 38, LOO 12 79 
43604 | 4.0 0.05 26,500 | 45,800 13 98 
4381° 3.0 0.05 25,400 | 41,600 14 83 
44116 4.0 OQ. 15 27,800 46,700 | 14 93 
44362 | 3.0 0.21 | 25,600 42,400 14 86 

| | | 


« The values given are the average of three tests. 
> The values given are the average of four tests. 


Tensile and hardness tests were also made on some aluminum- 
beryllium-copper alloy sheet which was made as described in the section 
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on Tensile and Hardness Tests on Aluminum-beryllium Alloy Sheet. 
The results obtained are given in Table 18. 


TaBLe 18.—Tensile and Hardness Tests on Aluminum-beryllium-copper 
Alloy Sheet* 


B Grade : Yield Tensile | Elonga- Brinell RI 

pe pe oo Ingot, Condi-| Point, | Strength, Gen, Hardaaae, Sclero- 

umber! Gent. | Gent. | Per Cent.| tion Lb. per | Lb. per | Per Cent. 125-kg. Load Fetes 

Al Sq. In. Sq. In, in 2 In. | 5-mm., Ball ardness 
| 

4339 0.81 | 6.0 | 99.95 H 33,250 37,0385 3.0 66.3 25 

4404 0.075 | 3.0 99.95 H 29,050 35,100 5.5 

4405 0.075 | 4.0 | 99.95 H 32,750 36,145 0.0 63.2 23 

4339 0.81 6.0 99.95 oO 8,050 19,270 25.0 

4404 0.075 3.0 | 99.95 oO 5,950 16,820 29.2 31.0 4, 

4405 0.075 | 4.0 99.95 O 7,570 17,850 28.5 

4339 0.81 | 6.0 99.95 | W 18,950 39,850 19.5 

4404 0.075) 3.0 99.95 Ww 16,000 33,100 21.0 

4405 0.075 | 4.0 99.95 Ww 19,250 | 37,950 21.0 

4339 O28L 6.0 99.95 + 28,750 49,145 17.3 82.0 25 

4404 0.075 | 3.0 99.95 ity 26,250 | 42,645 20.0 3 23 

4405 0.075 | 4.0 | 99.95 a 29,000 | 47,010 | 19.2 82.9 26 

| | | 


* This sheet was 14 gage rolled in such a manner that it received 50 per cent. reduction by 
eold working. 

Each value is the average of 2 or 3 tests. 

H = As rolled condition. 

oO Heated at 300° C., and furnace cooled. 

W = Heated at 510° C., and quenched in water, and tested immediately. 

T = Heated at 510° C., quenched in water, and aged at room temperature for nine weeks before 
testing. 

Note: For comparison, it may be mentioned that tests previously made on 14-gage sheet of an 
alloy containing 4.67 per cent. Cu (Fe 0.04 per cent.; Si 0.04 per cent.) showed 45,000 Ib. per sq. in, 
tensile strength and 19.6 per cent. elongation after quenching from 510° C. and aging 116 days at room 
temperature. 


SALT-SPRAY CoRROSION TESTS OF ALUMINUM-BERYLLIUM, AND 
ALUMINUM-BERYLLIUM-COPPER SHEET 


According to C. H. Ivinson,‘ an aluminum-beryllium alloy containing 
2 per cent. of beryllium resisted the action of sea water perfectly. Other 
less definite claims have also been made for the corrosion resistance of 
aluminum-beryllium alloys. Moreover, preliminary qualitative corro- 
sion tests carried out as a part of the present work seemed to show that 
certain heat-treated aluminum-beryllium alloys did resist salt-water 
corrosion very well. Consequently, salt-spray corrosion tests were carried 
out on sheet specimens of aluminum-beryllium and aluminum-beryllium- 
copper sheet specimens. 

The specimens which were used for the salt-spray corrosion tests 
were cut in the direction of rolling from the same sheet, and heat treated 


14 See Table 3. 
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and tested at the same time as the specimens which were used for the 
determination of tensile properties. For each alloy and each condition 
(H, O, and T)" five specimens were tested in the corroded condition and 
two as controls. 


TABLE 19.—Summary of Results of Corrosion Tests on Aluminum-beryllium 
Alloy Sheet 


a bar lel 2 | te hese | SE Oa| £8 
A | am jgO| 4 PE oN eS crivesou (Sete iiaeyl see S| ee 
3 SOS UES IE ote) a| Be |S3e | se | Ba 88) 88 | 62) §a| ga 
a Se \Sa 5 5 Ne ,mee CE Ome Orne S38 | 35 Bet) 0 
e | 8 (83| 2 |B| 28 | 288] 208] 8 | se | MOP] Be | eo) Be 
| Be les| 2 |2| $o | $08 | esa | 38 25 | Eid Ps | 58 
3 om IS =| 6 | ee gow | Sao me sete Gs Siac 0 RM | a 
| | ] 
4384 99.9510 | 9,125| 8,935|— 2.08 1,500) 2,450/+63.3 |43.2 |44.0 |+ 1.85 
4384 | 99.95, T | 6,085) 6,320|+ 3.86 2,100) 2,300\+ 9.5229.3 32.8 |+11.9 
4398 0.075 99.950 | 9,255) 9,375|+ 1.30 2,800) 3,450/+23.2 48.0 43.1 |—10.2 
4398 | 0.075 99.95) T | 15,395) 15,380 /— 0.10 12,050 11,850)— 1.6619.5 21.4 + 9.74 
4399 99 |O| 14,435| 13,225|— 8.38) 5,550} 5,600|+ 0.90|35.2 |17.0 |—51.7 
4399 99 | T | 12,965| 11,775|— 9.18) 3,550| 3,350/— 5.63|/40.2 /16.8 |—58.2 
4402 | 0.075 99 | O | 13,255) 12,195|— 8.00, 4,200) 4,150/— 1.19/35.8 |14.3 |—60.1 
4402 | 0.075 99 | T | 16,835) 15,370|— 8.70 9,000} 8,900 — 1.11/26.7 |10.4 |—61.0 
4403 |23.0 99.95| H| 38,040 | 36,335 |— 4.48 35,000 | 34,000 — 2.86) 4.0 | 1.63, —59.2 
4403 |23.0 99.95| T | 31,080 | 33,425|+ 7.55) 23,000 | 24,250/+ 5.43/11.0 |12.3 |411.8 
4404 | 0.075| 3.0| 99.95) O | 16,820| 15,485 — 7.04 5,950) 5,600 — 5.88 29.2 /16.0 |—45.2 
4404 | 0.075] 3.0| 99.95 T | 43,645 38,865 — 8.86 26,250 26,250 0.00 20.0 13.2 |—34.0 
4405 | 0.075| 4.0| 99.95] H | 36,145| 33,380|— 7.65 32,750 | 31,500 — 3.82) 5.00) 2.25|—55.0 
4405 | 0.075] 4.0} 99.95| T | 47,010| 41,680|—11.3 | 29,000 | 29,125 + 0.43|/19.2 | 9.88|—48.5 
4339 | 0.81 | 6.0) 99.95| H.| 37,035 | 34,510 | — 6.82, 33,250 | 32,750 — 1.50, 3.0 | 1.13, —62.3 
4339 | 0.81 | 6.0) 99.95 T | 49,145| 44,090 —10.3 | 28,750 30,250 + 5.22/17.3 | 8.00|/—53.8 
178| T | 56,140| 53,555|— 4.60 35,500 /21.0 | 9.17|—56.3 
ptonderds cof com: | 178| T | 60,510 | 55,465 |— 8.34 36,750) |21.2 | 8.20/-61.3 
hrc (178 | T | 58,550 | 51,945 |—11.3 | 37,750 37,000| — 2.0 |18.0 | 6.80|/—62.2 
H = As rolled; 50 per cent. reduction by cold working. 


O = Annealed by heating at 300° C. and cooling with furnace. 
0 Heated at 620° C., quenched in water and aged at room temperature for nine weeks. 


ll 


The specimens were subjected to corrosion, under the direction of 
EK. H. Dix, Jr., in a salt-spray chamber for 1300 hr., using a spray of 20 
per cent. sodium chloride solution, The air supply was off once for 44 
hr. The maximum temperature was 27° C. and the minimum 14° C. 
The average of three readings taken daily was 22° C. The results of the 
corrosion tests are given in Tables 19 and 20. 

It seems that beryllium does not noticeably improve the corrosion 
resistance of any of the alloys tested, and decreases it when the alloy is in 
the annealed or as-rolled condition. However, when the alloy has been 
given a solution heat treatment, the beryllium does not decrease the cor- 
rosion resistance, at least of 99.95 per cent. aluminum, even up to 23 per 
cent. beryllium. To obtain corrosion resistance at all remarkable, it 
would apparently be necessary to use aluminum of high purity. 


‘See section on tensile properties for description of the heat treatments used. 
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TABLE 20.—Surface Appearance of Specimens When Removed from Tank 


Specimen Condition Description 
4384 O Very light etch. No spots, ete. 
4384 Wh Quite heavy etch. Uniform. Shows medium grain size 
| very plainly. 
4398 ‘ah | Similar to 4384T. Slightly heavier, but uniform. Faint 
grain etch. 
4398 O Very similar to 4398T. No real difference. 
4399 O Heavy etch, irregular. Considerable number of pits and 
spots. 
4399 4p General appearance like, 4399-O but in much worse condi- 
tion. 
4402 O Practically same as 4399T. 
4402 Ak Very much like 4399-O in all respects. 
4403 | at Heavy etch, fairly regular. 
4403 | H Fairly heavy etch, somewhat spotted. 
4404 | O Very heavy, irregular attack, badly spotted. Some pits 
| | and blisters. 
4404 | ab | Heavy, irregular etch, streaked and spotted with dark 
deposit. 
4405 Ab No real difference from 4404T. 
4405 H Very similar to 4404T, but more uniform attack over entire 
| | specimen. 
4339 | H Very heavy attack with coating of corrosion product. 
4339 | ils | Practically identical with 4404T in all respects. 
M 660 a | 17S specimens used as controls. Fairly heavy etch in all, 
M 729 ap | streaked with white corrosion product, M 729 and 1961 
M 1961 ats being slightly the worse. Dark spots on all. Surface 


apparently much darkened in all specimens. 


DISCUSSION 


P. Hipnert and W. T. Sweeney (written discussion).—The specific gravity 
reported in Table 2 is equivalent to a density of 1.839 gm. per cu. cm. at 20°C. Miss 
E. E. Hill of the Bureau of Standards recently found the density’ of a sample of 
east beryllium (98.9 per cent.) to be 1.835 gm. per cu. em. at 20° C. These values 
show satisfactory agreement. 

The electrical conductivity reported in the same table corresponds to an electrical 
resistivity of 18.5 microhm-cm. at 20° C. The electrical resistivity’ of a rod of cast 
beryllium (98.9 per cent.) was recently determined under the direction of Dr. F. 
Wenner of the Bureau of Standards, and found to be 10.1 microhm-cm. at 20° C, 
It is believed that the latter value is more reliable than the former. 

A comparison of the composition by mixture and the composition by analysis of 
the five aluminum-beryllium alloys (4 to 33 per cent. Be) which were investigated!’ by 
the Bureau of Standards, shows that the beryllium content by analysis was lower than 
the beryllium content by mixture. The average variation was 2.4 per cent. These 
results are in agreement with the general statement by Archer and Fink. 


16 P. Hidnert and W. T. Sweeney: Bur. of Stds. Scz. Paper 565 (1927) 22, 533. 
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H. 8. Rawvon, Washington, D. C. (written discussion).—In connection with the 


investigation of the corrosion-resistance of sheet aluminum alloys of the duralumin 
type which has been in progress at the Bureau of Standards for the last 29 years, a 
little consideration was given to aluminum alloys containing beryllium. Two alloys 
were prepared, the composition of which was chosen on the basis of the results reported 
by Kroll!” and of the suggestions given by Corson concerning the possible use of 
beryllium in aluminum alloys.'® 

Two alloys representative of the two general series given by Kroll—that is, the 
magnesium-beryllide and the beryllium-silicide series—were prepared, the composi- 
tions chosen being approximately those which have given the best results in Kroll’s 
work. Corson’s conclusion that very little, if any, improvement of aluminum alloys 
can be expected from the simple addition of beryllium but that perhaps beryllium 
can be used advantageously as a hardener by forming a silicide, Be.Si, as magnesium 
is, is in general agreement with Kroll’s results. 

No difficulty was experienced in the addition of the beryllium in making the alloys; 
this was done in the high-frequency induction furnace, without flux. The aluminum 
was heated to a rather high temperature, 1300° C. approximately, and the beryllium 
then inserted on the end of a graphite rod. The other additions, magnesium and 
silicon, were made in the same manner at lower temperatures (800° C. for magnesium 
and 1250° C. for silicon). The compositions of the two alloys prepared are given in 
Table 21. It will be noted that the loss of beryllium was not excessive, considering 
that no special precautions had been taken to prevent it. 


TaBLE 21.—Composition of Aluminum Alloys Containing Beryllium* 


Alloy No. 974 Alloy No. 975 
(Magnesium-beryllide type) (Beryllium-silicide Type) 
Element > = 
aes Intended | Annlvats Intended | Aratone 
| Compesition,.| Per Canta | COMPOR ORS UT ence 
| | 
CU i se ee ee 0.05 0.05 
SVR eat ae eee 0.14 0.8 0.8 
IBC rea ett ea ee 1 0.8 0.5 0.4 
Te rgine ot nc eo ee ee 0.09 0.08 
Mg.. 1 1.2 
Ca, if 
Mn Pe ea Mare ie ee ray not detected not detected 
IN et aio he elec 98 ene gage 98.67 
diff. 98.7 diff. 


eee 


“Analyses by J. A. Scherrer, Chemist, Bureau of Standards. Since allov 974 
contains an appreciable amount of silicon (0.14 per cent.), considerable magnesium 
silicide may be formed. The properties of this alloy cannot be attributed, entirely 
therefore to the magnesium beryllide present. ~*~ 


No difficulty was experienced in rolling these alloys into strip form, the work 
being done under the supervision of J. R. Freeman, Jr., in the experimental rolling 
mill at the Bureau of Standards. The material was rolled to 14-gage thickness 
Longitudinal tension specimens were cut from these strips for the following tests. 

Preliminary tests showed that the heat treatment commonly used for sheet duralu- 
min (quenching in cold water from 500 to 510° C., aging at room temperature) 


WW. Kroll: Vergiitbare Aluminium Legierungen. Metall und Erz (1926) 14, 613. 
18M. G. Corson: Aluminum; the Metal and Its Alloys, 280. 1926. iad 
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produced no appreciable hardening of either of the alloys and a series of Brinell tests 
on small samples quenched from increasingly higher temperatures and aged at elevated 
temperatures confirmed the conclusions of Kroll that the quenching should be done 
from a temperature just below the eutectic temperature and followed by accelerated 
aging. he tensile properties of the alloys in the annealed and heat-treated conditions 
are summarized in Table 22. 


TABLE 22.—Tensile Properties of Aluminum Alloys Containing Beryllium 


| | 
| . Tensile Properties 
Raa sees | Heat Treatment te JOE Eon 
| . wy ce Per Cen, 
1 | 974 15 min. at 500° C., quenched 
| in cold water. Annealed 2 
Pe CN 23,400 26 
2 974 15 min. at 550° C., quenched 
pe cOlo. water’: eer tans te 28,300 20 
3 974 15 min., 600° C., quenched in 
ieccoldbwater’s on aot ae aa wes 29,300 18 
1 975 /15 min., 500° C., quenched in 
| cold water. Annealed 2 
| launte res tS\ Ur MOLE Le onesie eon 17,600 20 
2 | 975 /15 min. at 550° C., quenched | 
PeNNCOlLGtwWwaler oe wee eer ete 21,400 ily 8 
3 | 975 15 min., 600° C., quenched in > | 
Wncoldawatec] sen eee | DSA) | al ae 


@ Aged at room temperature. 
6 Aged 48 hr. at 150° C. 
¢ Broke outside central 2-in. gage length 


It will be noted that by the high-temperature treatment, the degree of hardening 
of the alloy of the beryllium silicide type (No. 975) was very considerably higher than 
for the alloy of the other type (magnesium beryllide). 

The behavior of the materials when subjected to severe corrosive conditions was 
determinined by corroding full-size tension bars by the intermittent-immersion 
method (15-min. intervals) in a solution consisting of nine parts (by volume) of a 
normal solution of sodium chloride and one part of commercial hydrogen peroxide. 
The tensile properties of the corroded bars are then determined. In the Bureau of 
Standards investigation referred to above, it has been found that sheet aluminum 
alloys of the duralumin type are, as a rule, severely attacked by this solution, and the 
tensile properties correspondingly lowered, the lowering of the elongation being more 
marked, however, than that of the ultimate tensile strength. The mode of attack is 
largely intercrystalline in character and as a rule is most pronounced if much copper is 
present in the alloy. The results obtained with the beryllium alloys when tested in 
this manner are summarized in Table 23. 

Details concerning the behavior of alloys of the duralumin type when tested in this 
same manner need not be given here. The results given by the authors in Table 19 
for the alloy 178 are quite representative. The results in Table 3 show clearly that, 
for these two particular Al-Be alloys, the degree of corrosion resistance against oxidiz- 
ing chloride solutions is very much better than is that of the duralumin type of alloy. 


_) @ 
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Taste 23.—Tensile Properties of Aluminum-beryllium Alloys after 


Corrosion by Intermittent Immersion" 
a aS OE ee ee ee eee 


| Tensile Properties 
Alloy b Corrosion Period, F ‘ 
Number ee Days Ultimate Tensile Elongation 
Strength, in 2 In.; 
Lb. per Sq. In. Per Cent. 
974 2 0 28, 300 20 
414 27,700 15.5 
7% | 27,700 15.5 
12 27,900 14. 
975 Zz, 0 21,400 iss 
716 21,500 12.5 
12 21,100 16.5 
974 3 0 29,300 18. 
4 29,200 18.5 
714 29,300 14.0 
12 27,700 ibs 
975 3 0 28,500 11.5 
46 29,300 10.5 
714 | 28,300 | i hes 
12 28,300 Liha) 
| | 


“Tmmersion at 15-min. intervals in a solution of sodium chloride (9 parts by 
volume of a normal solution) and hydrogen peroxide (1 part commercial solution). 
+See Table 22. 


The most interesting observation made on these alloys was the fact that no trace of 
intercrystalline attack was shown by either even after prolonged corrosion (12 days in 
the oxidizing chloride solution). On account of the inferior tensile properties of these 
alloys, as compared with the duralumin type, these materials are not to be considered 
seriously for replacing the latter. Their superior corrosion resistance, however, should 
be borne in mind and possibly alloys of this type may serve a useful purpose to meet 
some unusual conditions. 

It may also be of interest to mention some preliminary data on the modulus of 
elasticity in compression of commercial beryllium and aluminum-beryllium alloy of 
approximately 33 per cent. Be, determined on cast specimens by J. R. Freeman, Jr. 
The commercial beryllium had a modulus of approximately 27,500,000 Ib. per sq. in. 
and the alloy one of approximately 14,000,000 Ib. per sq. in. The small size of the 
specimens made testing difficult and the figures are subject to revision when more 
suitable specimens can be obtained. The data indicate that the modulus is high, but 
not so high as has been calculated from theoretical considerations alone, 


R. 8. Arcner and W. L. Fink (written discussion).—It is gratifying to the authors 
that so much unpublished information has been contributed in the discussions; the 
corrosion data are particularly interesting. The authors are also pleased that atten- 
tion has been called to the more accurate determination of the electrical resistivity 
of beryllium, 


Behavior of Molybdenum as Resistor in the Electric furnace 


- , * / 
By Henry J. Minter* anp MarceLia LINDEMAN,* CLEVELAND, OHIO 


(New York Meeting, February, 192%) 


DurRING some experiments made by Henry J. Miller, partly in Ger- 
many and partly in the United States, in which it was found necessary to 
melt metals in quantities up to 60 kg. in a vacuum or under low pressures 
of hydrogen, molybdenum was tried as the resistor in the electric melting 
furnaces. Molybdenum ribbons 16 by 0.55 mm. and 18 by 0.45 mm. were 
used as resistors. The furnaces were of the type shown in Fig. 1. 


Fig. 1.—Typr OF FURNACE USED. 


About the heating tube, Y, are wound parallel resistors of 
molybdenum ribbon from the water-cooled electrodes, Hi, EH». The 
whole is within a copper container having outlets for the removal or 
introduction of gases and a window, W, for observation, the space about 
the heating tube and electrodes being filled with insulating material. 

The life of the molybdenum used as the resistor was found to depend 
very much on the manner of using it, its failure being due in some 
cases to thinning by evaporation or chemical reaction and in others to 
hardening, which prevented it from following the expansions and shrink- 
ing of the heating tubing without cracking. As such failures are often 
rather expensive in commercial work, it was thought worth while to 
determine the causes. 

The factors influencing the behavior of molybdenum resistors used 
in this manner may be briefly stated as follows: 


* Research Laboratory, Incandescent Lamp Dept., General Electric Co. 
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1. Initial condition of molybdenum 
Chemical purity 
Process -of manufacture, with regard to mechanical and heat 
treatment 
2. Temperature and time of aging in furnace 
3. Heating tubing—kind of tube on which resistor is wound 
Heat insulation 
Gases present in furnace 


oe 


Meruops or Propucinc MoLtyBpENUM RESISTORS 


There are two ways of producing molybdenum ribbon or wire suitable 
for resistors in vacuum furnaces: (1) Molybdenum oxide or other suit- 
able molybdenum compounds in powder form may be reduced to metallic 
molybdenum, then pressed, swaged and rolled or drawn; (2) particles, 
each consisting of molybdenum and oxygen, may be pressed together 
and the pressed body may be reduced to metallic molybdenum. It 
can not be stated definitely whether these particles composed of molyb- . 
denum and oxygen are in the form of a chemical compound, of a solid 
solution, or of molybdenum with occluded or adsorbed oxygen. 

The first process, with some modifications, is covered by a large group 
of patents, while the second is described in the German patent! as “a 
process for the production of bodies consisting of tungsten, molybdenum, 
or similar refractory metals which can be directly subjected to 
mechanical working.”’ 

The structure of the German molybdenum ribbon produced by reduc- 
ing pressed molybdenum oxide is shown in Figs. 2 and 3, in which the 
elongation of the grains by working may be seen, as well as the presence 
of a certain amount of unreduced oxide appearing as granules at the 
grain boundaries. 

Fig. 4 shows the structure of American sheet molybdenum produced 
by the swaging process, from the General Electric Co. laboratories. The 
molybdenum ribbon used as resistors in the present work was of the 
German type. 


MateriAL Usep ror INSULATION AND TUBING 


The heat-insulating material has been used in grain sizes from approx- 
imately 0.5 to 1.5 mm. diameter, its chemical characteristics being 
as follows: 

1. Alumina fused in the electric arc, and sometimes subsequently 
freed of contaminations by treatment with hot hydrochloric acid. 

2. Alumina containing as the only contamination small traces of 
silica was prepared by calcining pure alumina, using some gelatinous 


‘German Patent D. R. P. No. 315930, K140a of April 16, 1912. Dr.-Ing. Paul 
Schwarzkopf in Charlottenberg and Dr. S. Burgstaller in Berlin-Schéneberg. 
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Fic. 2.—GERMAN MOLYBDENUM RIBBON, LONGITUDINAL SECTION, X 575. FINE- 


GRAINED STRUCTURE DUE TO OXIDE PARTICLES. 
Fic. 3.—GrERMAN MOLYBDENUM RIBBON, LONGITUDINAL SECTION, 1500. 


INCLUSION OF SMALL OXIDE GRAINS. 
Fic. 4.—SwaGmD SHEET MOLYBDENUM FROM Genprat Exvecrric Co. XX 575. 


(Figs. 2, 3 and 4 reduced to 34 original size.) 


NoTs 
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carbon-free material as a binding agent, firing to approximately 1500° C. 
and subsequently crushing to the desired grain size. The calcined 
alumina used as raw material showed the following composition: Al,O3 
approximately 98 per cent.; SiO» approximately 0.20 to 0.30 per cent. ; 
Fe,0; approximately 0.10 per cent.; Na2O up to approximately 1.8 
per cent. 

3. Mixtures of 30 per cent., by weight, of Zettlitz unfired kaolin with 
70 per cent. coarse fused alumina, grade 80. 

4. Mixtures corresponding, as far as composition is concerned, to the 
“Marquardt” formula but lower in silica and containing a larger amount 
of previously fired material (65 per cent. fired kaolin + 35 per cent. 
alumina). Fusing point about 1900° C. 

5. Magnesite (mostly Karnthen magnesite). 

The heating-tube materials were: 

1. “Marquardt”? compositions described above in No. 4. 

2. Fused alumina with 30 per cent. kaolin. Fusing point about 
2000° C. 

3. Caleined alumina fired, with aluminum hydroxide as_ binder. 
Fusing point about 2000° C. 

4. Magnesite. 

The effect on the molybdenum of heating in the presence of these 
materials may be seen in Table 1. 


Tasie 1.—Effect on Molybdenum of Heating in Presence of Various Materials 


Insulation Temperature, | 0 Gee. | Molybdenum 
= after Heating 

Calcined alumina fired with alumi- 1920 Vacuum Ductile 

num hydroxide. ' up to melting 

point of Mo 

Calcined alumina fired with alumi- | 

num, hydroxides. sve.seee sss seen > Hydrogen | Ductile 
Pureliusedsalunain desea * Vacuum Ductile 
Pune nasedvallumni Slee mene 2 Hydrogen | Ductile 
Ordinary fused alumina.:......... . Vacuum Ductile 
Ordinary fused alumina........... wt | Hydrogen | Ductile 
Marquardt I (low im silica)........ S Vacuum Ductile, eaten in 

spots 

Marquardt I (low im silica)........ a Hydrogen | Ductile 
Marquardt IT (high in silica)....... “i Vacuum Baten up 
Marquardt II (high in silica). ...... | Hydrogen | Ductile 
Alumina + 30 per cent. kaolin...... | Vacuum Eaten up 
Alumina + 30 per cent. kaolin..... | * Hydrogen | Eaten up 
Magnesite. RR he rR orci Ghote dol i Vacuum Hardened 
Magniesite:.. ue.scuterrae cee Hydrogen | Hardened 


HENRY J. MILLER AND MARCELLA LINDEMAN 651 


The most satisfactory material for use both as heating tubing and 
heat insulation was found to be calcined pure alumina, mixed with 
aluminum hydroxide as a binder, and fired at about 1500° C. Pure 
fused alumina was also found to be satisfactory. All other materials 
used as heat insulation sintered about the ribbons, thus constraining them 
to move with the working of the heating tubing and increasing the chances 
of cracking the resistor. 


Fig. 5.—OBLIQUE SECTION OF VERY DUCTILE RIBBON HAVING LONGEST LIFE, 
x 100. LARGE GRAINS NEAR SURFACE; SMALL GRAINS NEAR CENTRAL PORTION. 


(Reduced to 34 original size.) 


In all cases where the alumina was uncontaminated by silica, the 
molybdenum ribbon could be heated almost to its melting point and still 
remain ductile, or even acquire more than its initial ductility. In nearly 
all of these cases the surface of the ribbon appeared very bright and 
silvery. This silvery deposit also penetrated into the insulating material, 
the depth of penetration depending on its grain size and increasing 
with the fineness of the grain. This deposit was formed at about L300Re: 


Ducritiry oF Resistor AFTER HEATING 


The surfaces of these ribbons after heating have much greater duc- 
tility, in general, than the central part.2 In studying their microstruc- 


2The classification of hardness as given in this paper is derived from bending 
the molybdenum ribbon in an angle of 90° at room temperatures. “Ductile” ribbons 
stood one or several of these bendings, “Hard ribbons” cracked on the first bending. 
“Hard and brittle” ribbons cracked at the first bending and broke at the same 


time into small fractures in places removed from the line of bending. 
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ture, it was found in all cases that great ductility was accompanied by 
fairly large grain size, and the ribbons having greater surface ductility 
possessed a surface layer of plate-like crystals sometimes about ten times 
the size of the average crystal on the interior. This difference may be 
clearly seen in Fig. 5, which shows an oblique section of the ribbon. 
Fig. 6 shows a transverse section of one of these ribbons at the boundary 
between the surface layer and interior. It is believed that this ductile 
surface layer, as well as the deposit found on the insulation, is formed 
by the oxidation and subsequent reduction at higher temperatures of 
the molybdenum, probably caused by the presence of traces of water 
vapor when the furnaces are operated in vacuo, or by reaction with the 
insulating material, and later with hydrogen when that is present. 


Fic. 6.—TRANSVERSE SECTION OF VERY DUCTILE RIBBON HAVING LONGEST LIFE, 
575. LARGE GRAIN, SHOWN IN PART AT LEFT SIDE ON SURFACE OF RIBBON, SMALLER 
GRAINS AT RIGHT TOWARD INTERIOR. 

(Reduced to 34 original size.) 


Ribbons having great ductility were always found to have long life, 
the specimen shown in Fig. 6 being used 36 times in a furnace of 
10-kg. capacity. 

In general, metals having small grains possess greater ductility than 
those having large grains, but the apparently anomalous behavior of the 
specimens discussed in this paper may be explained by the fact that 
the smaller grain size is caused by the presence of a brittle material at the 
grain boundaries. This was shown in a very striking manner in the 
samples where the ribbons were heated in a coarse-grained mixture of 
fused alumina and kaolin. Here regions of large crystals formed next 
the alumina particles alternated with regions of crystals about one-sixth 
their size formed near particles of kaolin. 


S 
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Fig. 7.—LONGITUDINAL SECTION OF VERY BRITTLE RIBBON HAVING SHORTEST LIFE, 
<< OUDe SMALL GRAIN SIZE. AND BRITTLENESS DUE TO INCLUSIONS OF SILICIDE AT 


GRAIN BOUNDARIES, SHOWING AS DARK BANDS. 
Fig. 8.—SEcTION OF BUCKLED PORTION OF RIBBON, 
SIONS OF SILICIDE. 
Fig. 9.—SEcTION OF BUCKLED AND 
INCREASING AMOUNT OF SILICIDE, ON 


PROBABLY SILICIDE AND SILICATE. Me ; 
(Figs. 7, 8 and 9 reduced to 34 original size.) 


< 280. NoTr LARGE INCLU- 


CRACKED PORTION OF RIBBON, X 280. NorTs 
E PORTION SHOWING DOUBLE COMPOSITION, 


. 
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ines, M0). 


SECTION NHAR WHERE RIBBON WAS EATEN AWAY, X 280. 
AMOUNT OF SILICIDE AND SILICATE, 


NovTE LARGE 


Fia. 11.—LoNGIruDINAL SECTION OF RIBBON USED IN FURNACE WITH MAGNESITE 
HEATING TUBING AND INSULATION, X 575. SMALL GRAIN SIZE AND BRITTLENESS 
DUE TO FORMATION OF CARBIDES, WHICH SHOW AS SMALL BRIGHT GRAINS. 

Fira. 12.—UNTREATED SURFACE OF RIBBON AFTER USE IN FURNACE, X 400. 
DEEP HWAT-ETCHING ON GRAIN AT RIGHT, SHOWING 
ETCHING ON GRAIN AT LEFT DUB TO GLASSY DEPOSIT 
POSSESSED DUCTILE SURFACE LAYER. 
IN Figs. 6, 7 AND 8. 

(Figs. 10, 11 and 12 reduced to 34 original size.) 


Nore 
CRYSTAL PLANES. ABSENCE OF 
FORMED OVER IT. ‘THIS RIBBON 
COMPARE SURFACE GRAIN SIZE WITH THAT 
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Errecr oF Sruica, CARBON AND IMPURITIES 


A very small percentage of silica is sufficient to change markedly the 
behavior of the resistor ribbons. Insulating material of alumina pow- 
dered in a ball-mill was used in one experiment. In this case the ribbon 
became very hard and brittle. When the same material was used again 
with new ribbon, the hardening was less pronounced, and after the fifth 
or sixth time it was used with new ribbons, the ribbons ceased to become 
hardened, due to the exhaustion of the silica by previous reactions. 

It may be seen from Table 1 that increasing percentage of silica has a 
destructive effect, first hardening the ribbons, then causing buckling and 
cracking, and finally corroding them. This is probably due to the forma- 
tion of molybdenum compounds or alloys containing silica or silicon 
as a constituent. 

Figs. 7, 8, 9 and 10 show the effects of increasing amounts of silica 
on the structure. A section of a hardened ribbon is shown in Fig. 7, 
where the crystals are seen to be much smaller than in Fig. 6, having 
appreciable enclosures of the contaminating molybdenum-silicon com- 
pound or alloy at the grain boundaries. 

When carbon is present, as in the case where magnesite* was used, 
carbides are formed, which, being brittle and hard, have the same 


TABLE 2.—Effect on Molybdenum of Heating in Presence of Large Amounts 
of Carbon, Sulfur and Various Gases 
| Condition of 


Time Temperature, 
Materials Present | 4 | Molybdenum 
nea Hours Deg. C. after Heating 


| 
| 
| 


F | 
14 parts calcined alumina, | part. 


GAT DOD ce era rae te 1920 Hard and brittle 
Powdered carbon........----+ +--+! 1000 — Hard and brittle 
Carbon monoxide...c....+.--.-+--| 2 600-700 Hard 
Te lyqohaeemloorss, ~hea-ce nonce ooo: ‘i 2 600-700 | Hard 
WWEMEEGANG!.. o do dine opm Su amo oeoloae | 2 600-700 | Ductile 
STHUNOIE. 5 corsa pp eeere ce Goes 7 OEP 3 600 _ No change 
Stikiue GO goa dovecr aonaan ae | 2 | 600-700 | No change 
Red phosphorus. ....2-2.2.-5-.----| 6 600-700 | Hard 
Water vVapories mee pioe ate pcenr:| 1 1000 No change 
Nitrogen taken from commercial | | 

tanks, having traces of oxygen... 2 600-700 Hard 
Same nitrogen, oxygen removed... . 2 600-700 Ductile 
Molybdic acid vapor......--..--. .| 2 1050 Previously hardened 

| ribbon made ductile 


3Sintered magnesite as well as fused magnesite were fired in a granular carbon 
furnace. The fused magnesite as well as the sintered magnesite apparently contained 
the carbon in form of colloidal dispersion, coloring the magnesite appreciably and 


in such a way that the color effect could not be ascribed to iron oxide alone. 


. 
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effect as the silica compounds. These may be seen in Fig. 11 as enclosures 
of very high reflectivity. Niet 

Even where other materials are used there is great likelihood of carbon 
being present as an impurity, most of these insulators being made by 


13 


Fic. 13.—UNTREATED SURFACE, AFTER USE IN FURNACE, X 400. GRAINS HEAT 
PTCHED, SHOWING BOUNDARIBS. DirreReNCE IN REFLECTIVITY CAUSED BY DIFFHR- 
ING THICKNESSES OF OXIDH DEPOSITS, THE DEPOSITION BERING SELECTIVE AND DEPEND- 
ING ON ORIENTATION OF CRYSTALLITES. 

Kia. 14.—UNrrRBATED SURFACE, AFTER USE IN FURNACE, X 400. SAMPLE VERY 
BRITTLE AND HARD. (COMPARE GRAIN SIZE WITH THAT IN Fira. 12.) GRAINS OVER- 
LAID WITH GLASSY DEPOSIT HAVING GRAIN SIZE COMPARABLE WITH THAT OF UNDER- 
LYING MOLYBDENUM. NovT® DOUBLE NETWORK OF GRAIN BOUNDARIES. 


(igs. 18 and 14 reduced to 34 original size.) 


earbon-are or ecarbon-furnace processes. Sulfur may occur in the 
molybdenum as an impurity, since most molybdenum is produced from 
sulfide ores, also traces of iron and metals similar to molybdenum, such 
as tungsten, vanadium, titanium, zirconium, tantalum and columbium, 
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which may not have been removed. It is not thought probable, however, 
that the presence of these impurities would tend, upon aging, to change 
to any great extent the properties of the molybdenum. 

To test the effects produced by carbon, sulfur and gases occurring as 
impurities in the furnace, a series of experiments was performed in which 
molybdenum ribbon was heated in the presence of large amounts of these 
materials. The results are shown in Table 2. 


¥ 
SURFACE PHENOMENA FOLLOWING EXPERIMENTS 


All these ribbons were found to be heat-etched in a very pronounced 
manner and covered with deposits of molybdenum oxides and glass 


Fig. 15.—UNTREATED SURFACE, AFTER USE IN FURNACE, X 225. SPECIMEN 
RATHER DUCTILE. (COMPARE GRAIN SIZE WITH Fras. 12 anp 14.) BRIGHT GRAIN 
COVERED WITH GLASSY DEPOSIT OUT OF WHICH HEXAGONAL CRYSTALS OF ALUMINA ARE 
FORMING. NOTE DARK RINGS INDICATING CENTERS OF RBACTION. 

(Reduced to 34 original size). 


formed by reaction of alumina and silica with the basic oxides of molyb- 
denum. Both heat-etching and the deposition of reaction material were 
found to vary to a marked degree with orientation of the crystals. In 
certain cases, a striated deposit of what seemed to be a eutectic having 
MoO; as one constituent covered the entire surface. In others the 
molybdenum crystals were covered by a second set of erystal boundaries 
in the overlying glassy deposit. 

Good samples of heat-etching are shown in Figs. 12 and 13. None 
of the microscopic samples showing surface conditions have been ground, 
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Fira. 16.—UNTREATED SURFACE AFTER USE IN FURNACE, X 315. SPECIMEN VERY 
DUCTILE. (COMPARE GRAIN SIZE WITH Fias. 12, 14 anp 15.) ALUMINA CRYSTAL- 
LIZING OUT OF GLASSY DEPOSIT AS IN Fia@. 15. 

Fic. 17.—UNTREATED SURFACE AFTER USE IN FURNACE, X 575. REDDISH IRI- 
DESCENT LAYER OF EUTECTIC OF MOO3 FORMED OVER SURFACE. SLIGHT INDICATIONS 
OF UNDERLYING GRAIN BOUNDARIES. SPECIMEN DUCTILE ON SURFACE. 

Fig. 18.—UNTREATED SURFACE AFTER USE IN FURNACE, X 150, SHOWING DEN- 
DRITIC DEPOSITS OF MoQs. 


(Firs, 18, 17 end 18 reduced to 34 oricinal size.) 
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polished or etched (treated). The ‘natural’? state of the surface 
is given. 

In agreement with the assumption that the failure of the molybdenum 
ribbons used as resistors is caused by contamination of the ribbon with 
silica, very brittle ribbons are sometimes coated with a glass forming a 
crystallized transparent layer on the surface of the ribbons. In Fig. 14 
is given a striking example of such a ‘“‘glassy”’ surface film. The sample 
is taken from the hardest and most brittle ribbon ever obtained in these 
experiments and shows distinctly the crystal béundaries of the glass on 
the surface as well as the grain structure of the metal surface itself. 

In Figs. 15 and 16 the chemical reaction with parts of the ceramic 
material used as heating tubing and heating insulator can be seen. A 
reaction going on at high temperature has evidently been stopped by 
rapid cooling and some of the products of this reaction have formed 
geometrically perfect crystals. Some of these are completely transparent. 
No other glass can be formed at the temperature of operation of the 
furnaces and in the presence of the materials used as ceramic parts 
except glass containing silica at least as a constituent (crystallization of 
alumina out of silica-matrix). 

Fig. 17 shows a thin coating of a eutectic of MoO;, which appeared 
on a number of ribbons as ared film. Indications of the grain boundaries 
of the underlying molybdenum may also be seen. Dendritic surface 
deposits of MoO; are shown in Fig. 18. 


(CONCLUSIONS 


The destruction of molybdenum ribbons used as resistors in electric 
furnaces is due chiefly to chemical reaction with materials present in 
heating tubing, insulation, or gases in the furnace. Of those materials 
most likely to be there, silica and carbon are the most destructive. 
For the best working conditions of such furnaces it is recommended that: 

1. Both heating tubing and insulation should be of calcined pure 
alumina, mixed with aluminum hydroxide as binder and fired at 1500° C. 

2. The first heating of a new furnace should be carried out under high 
hydrogen pressure, which may be later reduced. 

3. If the material used for heating tubing or insulation contains carbon, 
oxides of a high degree of oxidation should be added, so that they may 
react with it, the products of the reaction to be removed by evacuation. 

4, The molybdenum ribbon may be coated with molybdenum oxides 
having a low degree of oxidation to protect it from forming oxides 


or carbides. 


Non-ferrous Secondary Metals Recovered in the 
United States* 


By J. P. Dunuop,t Wasutnaton, D. C. 


(New York Meeting, February, 1928) 


Tue fact is notable though probably little known that the United 
States is the only nation obtaining and distributing through its Govern- 
ment bureaus any data pertaining to waste metals and drosses. Some 
foreign governments do issue reports relating to mine or smelter produc- 
tion of primary metals, but none gives in scope and detail the information 
published now by the U. 8. Bureau of Mines and formerly by the U. 8. 
Geological Survey; and this is despite the fact that the funds annually 
allotted for those purposes are insignificant in comparison with 
allotments for the preparation of data relating to other industries 
of like importance. 

The earliest data on the production of metals from secondary sources 
in the United States were contained in a press bulletin issued by the U.S. 
Geological Survey on Jan. 4, 1909. The information published was that 
for the year 1907 obtained and compiled by C. E. Siebenthal, who was 
one of the first to visualize the growing importance of the scrap- 
metal industry. 

The National Conservation Commission had emphasized its opinion 
that the known domestic supply of certain kinds of the more important 
metals was being rapidly marketed and that while there was no immediate 
cause for concern it was best to conserve such resources. Not only had 
there been a lamentable lack of any data regarding the quantity of scrap 
metals available or used but also gross carelessness and indifference in 
the segregation, collection, and effective use of scrap material. Sieben- 
thal realized that even approximately correct statistics of recoveries from 
the more important base-metal scrap and drosses were nearly as essential 
to both producers and consumers as the statistics of the output of primary 
metals. There were not then nor are there now sufficient funds for 
complete collection of data, nor was it considered the province of the 
Geological Survey to do more than determine approximately the recovery 
of secondary metals for use in supplementing those given for the primary 
metals. Undoubtedly the first bulletins issued did not give the full 
output, for it takes time to establish contacts for an inquiry covering so 


* Published by permission of the Director, Bureau of Mines. 
+ Statistician, U. 8. Bureau of Mines. 
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much territory and so many metals and alloys, but as the years passed 
the work was extended to a greater number of metals. There never has 
been any special effort to make the secondary metal report a technical 
treatise, for its purpose was primarily statistical, although considerable 
information was gradually added regarding methods of treating scrap 
metals and drosses. Excerpts from trade papers and magazines which 
would enable buyers and consumers of scrap to handle material properly 
and use it to best advantage were quoted. The Geological Survey 
could not answer many of the technical inquifies made, but it always 
endeavored to put the inquirer in touch with those who could, and 
moreover it always called the public attention to the vast trade in waste 
material and its influence on prices. j 


CHANGING ATTITUDE TOWARD SEconDARY MeEtTALs INDUSTRY 


It was also desirable to improve the ethics of the industry and to 
supplement the efforts of the trade papers and associations in remedying 
abuses and standardizing products. It was necessary to change the public 
opinion that secondary materials were necessarily inferior and to remove 
the stigma of unfair dealing unjustly applied to dealers, collectors and 
sellers of waste. There were, of course, the normal percentage of crooked, 
grasping and unreliable dealers and smelters, but the waste-trade industry 
was never as bad as painted. Many good-sized fortunes had been made 
in the business because sellers of waste metals sadly lacked appreciation 
of the material they sold. Other sellers did not realize that there must 
be a wide margin between the price paid to them for unsegregated wastes 
and the price paid the dealer for sorted scrap. Because the seller could 
get so little for ashes, borings, filings and other waste, much of it was 
disposed of for the cost of removal. It is always difficult to induce a 
prosperous people to save, as those of Europe have done for years in 
apparently small matters, so the early dealers in scrap, etc., frequently 
did take advantage of the carelessness and ignorance of their customers. 
This profiteering is no longer possible to any extent, for nearly every 
business that has metal wastes has learned to segregate them so as to 
realize the most profit either by use at the plant or by sale to the highest 
bidder. In fact, if there is a valid criticism to make regarding the busi- 
ness methods of dealers in waste metals, it is that they frequently pay too 
much for wastes. They tend to speculate on future prices instead of 
relying on a normal profit on all material purchased. This practice in 
late years has resulted in many failures or an inadequate return for the 
greatly increased quantity of material handled. 

Scrap material is now being handled much more efficiently at its 
source and much more scientifically treated at the secondary smelters 
that employ competent assayers and metallurgists, so that many brands 
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of metals and alloys approach those made from primary sources in purity 
and in adaptability for most purposes. 

The National Association of Waste Material Dealers has aided materi- 
ally in improving the ethies of the trade. It has removed much friction 
by its classifications of scrap and wastes and by its settlement of trade 
disputes by arbitration. 

The U.S. Geological Survey and the Bureau of Mines have repeatedly 
drawn the attention of the metal trades and the public generally to the 
ever-growing quantity and quality of secondary materials and to the 
economic crime of not using them properly and fully. I regretfully admit 
that occasionally a flamboyant press bulletin roused the ire of the ultra- 
scientific in the Bureaus, but I am sure that the resultant publicity helped 
to banish the derision that once assailed the collector, dealer and user of 
waste material. Casual examination of the advertisements in a magazine 
devoted to waste material will enable any one to realize the scope of a 
trade very diversified in metals and many other lines and one of immense 
volume, value and uses. 


STATISTICS 


In the bulletin issued for 1907, the secondary recoveries of copper 
(including that in alloys other than brass), lead, zine and tin were given. 
The aggregate quantity in tons was 77,658, and the value was $17,196,436. 

In 1909, the inquiry was extended to remelted brass and secondary 
antimony. The total recovery was 135,184 tons, valued at $23,239,610. 
The secondary recoveries of aluminum were first compiled for 1913 and 
those for nickel for 1916. 

The value of secondary metals recovered in 1917 was more than 
$295,800,000, a record value due mainly to the high prices for metals. 
This value was $21,000,000 greater than that for 1926, when the aggregate 
quantity of metals recovered was 1,016,880 tons, compared with 650,418 
tons in 1917. 

Since 1921, when the output of both primary and secondary metals 
was the smallest in many years, the total quantity of most secondary 
metals recovered has steadily increased. 

Table 1 gives the secondary recoveries of certain metals and alloys 
and the total value from 1910-1926, by years. In addition, the yearly 
separate chapters issued by the Bureau of Mines now give: 

The latest standard classification of old metals. 

A review of the secondary metal industry. 

Prices of some scrap metals and alloys. 

The secondary recoveries of gold, silver and platinum. 

More specific and comprehensive data and references to new methods 
are given under sections devoted to each metal. The nature of such 
information is outlined as briefly as possible. 
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Seconpary Coppur Recoverep IN 1925-26, wira Imports AND Exports or Brass — 
AND Copprmr Scrap, IN SHort Tons 


1925 1926 
JOPPER AS IMGLALS 2 cane niteg echt Doles ter te ey eames eee tenet a ee 183,700 200,100 
Coppenin alloverotherthanyDTAsS errr siete wei itn asteas eran _ 66,900 81,600 
250,600 281,700 
Copper from new scrap (not including brass)................... 50,000 55,000 
Copper from old scrap (not including brass).................... 200,600 226,700 


250,600 281,700 


Brass scrap remelted: 
New clean: Scrap wt aoe eae ae fe uly eka feiss te eke 110,000 125,000 
OE BGre PRA Aon oosd siaec ye Serta eee en Ce eee 132,300 158,000 


242,300 283,000 


Copper content of brass scrap: 
New? Cleat Scrape acura s enilend tok ents Sees ee eee ee 79,200 87,500 
Oldesrai pgs a eiete seus prince a oscar I Re 90,410 110,600 


169,610 198,100 


Total secondary copper (including copper content of brass scrap): 


HPOtien€ we SCVA Diemer, ma ceteie ears erence Cane ee eae 129,200 142,500 
Erond.oldiscrap aise year ieee oar eset een 291,010 337,300 
420,210 479,800 

Brass iSCrap dip Orted Gra. tacts eerryarete te ele tava eed nice 5,374 4,311 
CLAP COP Per vm Orbe Cae epee eer tee 5,214 5,501 
Brass Me Ots Sera ance Old ex Or tCd sia teen 48,189 25,132 


Scrap copperexported se cctdeee cs oe eee see 6,053 9,713 


The proportion of secondary copper recoveries compared with 
smelter production of copper from domestic ores for 1910-1926, 
was approximately: 


Per CEnr. Per Cent. 
VOLO. recs Far ect tc ae Gpeeeee OMe L022 eine Cae eee ee (lh 
LOL O Aine, osfeon the, pete Pecan IS LO DO Sn ney ay 
LOLS ocak moan etols een See ek LO 24 ee rs 47 
LOO versie hele cal lhe cene ale si hateav se anes OL OD) Came ene an 50 
1O20 Si Re ca cee ae een bee ae DL eel OD Gaara 55 
102 aie ie ce ena ae ee SO 


The quantity of secondary copper recovered in 1926 by plants refining 
primary metal was more than 112,000 short tons, which was about 
35,000 tons more than such plants recovered in 1925. A large quantity 
of scrap copper and brass goes directly to foundries, and immense 
quantities of scrap are being exported to Europe. After the close of the 
World War, the imports from Europe were large, as Europe needed 
money more than old metal. 
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Sreconpary Leap Recovered In 1925-26, 1n SuHorr Tons 


1925 1926 
Secondary lead recovered by smelters that treat mainly ore....... 35,146 32,499 
Secondary lead recovered by smelters that treat only scrap and 
GURGSSORES nw orsiotd osdorarh ol Sasol Gos wesc LORS OS IIE RSI RIE are 77,274 92,501 


112,420 125,000 


Secondary lead recovered in remelted alloys: 
Lead content of antimonial lead scrap treated at regular lead 


SIN CLLCLS eRe TIE Oe Oe a se Sth eee te pened 9,483 11,554 
Lead content of drosses and scrap alloys treated at*secondary 
SINC CLS eee Ree Cet oN cn ne Waker ainda asinats ¢ 104,977 140,746 
ay 114,460 152,300 
rotaleseconGanys leadireCOVered «a 2% a ws oe ie fs cies ery cn oe 226,880 277,300 


Primary LEAD PrRopuUCcED IN 1925-26, IN SHort Tons 
Refined primary lead produced in the United States: 


[Ra COMMER AIM GOR wa ee ASU SAEs Oo Oe Cicop mem os esr 654,921 680,685 
Hromitoremn ore and pase Wullionce. 2 sete ue aes aac 112,048 118,256 
Lead content of antimonial lead from foreign and domestic ores 

and bullion treated at regular smelters................... 17,048 19,831 


Proportion of secondary lead recovered to recovery of domestic 
refined lead: 


Per Cent. Per CEntT. 
OM ee ee tt ee LO Oe te nies ees cieteehiesia: eau we 33 
(OE. . coke obese te eenaeewellil WE PRNe oo ae ie ciie.crais he neerEenals 34 
UG TS Meee ee eter eet er re ceveios. Beate ae OD ee ee ee cia oe lees an-ares 34 
TRO) KO WES. ove acer eeree eee ra aa YA MLO DS eee ts SR eres oan 35 
TRO PAU); 5 5 dinate Rte a eee one arc Pot NBSP Gye a8 hos ake atdereusl aor ere eA 41 
[LOD Meee ta ne seat S20 


The increased percentage since 1922 has doubtless been due largely 
to the growing quantity of lead from old batteries. 


SrconpARY ZINC RECOVERED AND Propucts MaDE FROM Zinc Dross, SKIMMINGS, 
AND ASHES, IN 1925-26, IN SHorT Tons 


1925 1926 

Secondary zine recovered by redistillation.........-+...-++s+005: 39,181 40,799 
Secondary zine recovered by sweating, EMMA WO o 5065 saaodo de 22,249 23,771 

Total zinc recovered unalloyed.........--- +--+ sees ee cree ees 61,430 64,570 
Zine recovered in alloys other than brass.......---+-+-++s+sssse0+ 13,300 18,430 
Fine recovered in brass (estimated)........-------ssess sees rreee 53,300 63,000 
Jine dust made from zine dross......- +... +-. sree tenet eee 5,813 4,889 
Zine dross used for zinc dust (estimated).........-- +--+ se erences 6,850 5,732 
Lithopone made from zine skimmings and achless eevee aden es 49,000 — 45,806 
Secondary zine content of lithopone......----.- +6 e seers 9,741 9,204 
Zine chloride made from zine skimmings, ashes, etc........----+--- 45,772 43,106 
Zine content of zinc chloride made from zine skimmings, etc........ 10,070 9,481 
Zine content of zine sulfate made from zine skimmings, ashes, etc... 858 603 
Zine concentrates and ore exported........--++esssererr ects 68,951 95,252 


Van ondross ex DOTLed awe inet Se ati ite eee oe 15,968 10,461 
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Part of the zine obtained by redistillation of zine drosses and skim- 
mings is recovered at smelters, which mainly use ore; the remainder is 
recovered at plants that treat zine drosses in large graphite retorts. As 
shown above, large quantities of zine dross, ashes and skimmings (averag- 
ing in recent years about 25,000 to 30,000 tons of zinc content) are 
utilized to make zine dust, lithopone, zine chloride and zine sulfate, and 
considerable zine dross is exported. Complete data for all years are not 
available, nor are such uses of zine wastes accounted for in the large 
table attached; thus it is difficult to give the yearly proportion of zine 
from secondary sources as compared with zine derived from ore. 

The proportion of zine recovered as metal and in alloys, including 
brass, to the output of primary zine of domestic origin is as follows: 


Per CENT. Per Centr. 
1:9 Leap ener e cicisue ct ait eee one 19 wi 92 Tae ee cae ae ee 39 
LONG F chats ena rate en eo nate 16) 1922) 20 AA eee ee 39 
LOZ tate Seat tea Ret ee aden ree 17: 1923.0 2 eee eee ee ea 
1A OR ee etree qeaeeas Sato eS ae 23 9 1924 on wa kat eae ee ee 23 
1919 23 9 1925 Sexe ccs ta ees eee 22 
1920 25 T926 S55 ose eee Ge Dee 23 


Only a very small proportion of the zine coating on sheets and forms 
is recovered, and only a few thousand tons of galvanized scrap is treated. 

In smelting brass there is considerable loss of the zine content—a loss 
much greater than of the copper content. 


SECONDARY TIN RECOVERED IN 1925-26 


1925 1926 
Recovered as pig tin, short tons. ners om 7,950 9,750 
Tin recovered in alloys and chenvica] pornos Shari ae : 23,000 23,650 
30,950 33,400 
Clean tin-plate scrap treated at detinning plants, long tons.... 172,432 194.494 
Old tin-coated containers treated, long tons................. 1,167 11,942 
Metallic tin recovered at detinning plants, pounds........... 1,932,850 2,292,000 
Tin content of tin tetrachloride, tin bichloride, tin oxide and ee 
crystals made at detinning plants, pounds................. 4,264,340 4,094,000 
Total tin recovered at detinning plants, pounds.......... 6, 197, 190 6, 386, 000 
Tin tetrachloride, tin bichloride, tin oxide and tin crystals made 
Miolawievarbahenolkewaush [LOUIS <cu co gtoo sono nenanen sch suse 8,626,387 8,634,000 
Average quantity of tin recovered per long ton of clean tin- 
plate scrap, pounds........... 35.8 3200 
Average quantity of tin recovers per clone fon os old fine conte 
Containers: pounds*n Aces ee eon eee nee 25 16.74 


Trin AND Tin CoNCENTRATES IMporRTED AND TIN PrRopucep From IMPORTED 
CoNCENTRATES, IN 1925-26, tn SHortT Tons 


1925 1926 
Lintimiported ‘as metals ees. sii eee ee re ea 85,843 86,418 
Tin concentrates imported (tin content).......... inne 214 339 


Tin produced from foreign concentrates peeled: in as Waited States 339 
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The largest recoveries of unalloyed tin are from tin scruff and drosses, 
and tin recovered in alloys is largely contained in solder, babbitt 
and bronze. 

As only a few tons of domestic tin ore have been treated in recent 
years and tin derived from imported concentrates smelted in the United 
States is negligible in quantity, the secondary recoveries are best compared 
with the imports of primary tin. These imports were 85,843 tons in 1925 
and 86,418 tons in 1926, and the secondary tin recovered amounted to 
30,950 short tons in 1925 and 33,400 tons in 1926. 

Probably 30,000 tons of tin are consumed in the United States by tin- 
plate makers. Scrap tin-plate clippings and waste are being treated at 
several plants in increasing quantities. Nearly 195,000 long tons were 
treated in 1926 and more than 3,190 short tons of tin mainly in com- 
pounds such as tin chloride, tin oxide, etc., were recovered from this scrap. 

The large waste in tin is in used tin-coated containers, of which only 
about 12,000 tons were detinned in 1926, although existing plants have a 
capacity of more than 40,000 tons a year. 

High costs of collection and shipping and the inferior grade of steel 
scrap recovered restrict the use of old tin-coated cans. 

As tin is a relatively high-priced metal there is probably an adequate 
saving in scrap material other than old cans. 


Seconpary ANTIMONY RECOVERED IN 1925-26, In SHorT Tons 


1925 1926 
Secondary antimony in antimonial-lead scrap smelted at regular 
ainGhigics, ccsaeeah Goieeueace some cols Ape Salome rel meaererrgence 1,328 2,550 
Secondary antimony recovered at secondary smelters............-. 9,512 16,230 
10,840 18,780 
Antimony imported in ore, as metal, or as oxide or salts........... 13,182 17,364 
Primary antimonial lead produced at regular smelters..........-.-. 19,667 22,524 
Antimony content of primary antimonial lead...........-.-..+.-. 2,624 2,693 


Some antimonial lead is made in the United States directly from 
domestic ores, but the antimony from this source is less than 20 per cent. 
of the normal imports of antimony in ore or as metal. Since most of the 
antimony used goes into type metal, babbitt and batteries, which are 
easily collected, the secondary recoveries are large. In 1926, secondary 
antimony nearly equalled the antimony imported plus the antimony 
content of primary antimonial lead. The pigment, enamel and ceramic 
industries yield very little secondary antimony. 


SeconpaRy ALUMINUM RECOVERED IN 1925-26, IN SHORT Tons 


1925 1926 
Secondary aluminum recovered umavalllkonetel cacbonasovccuccdoapoUs 17,700 20,500 
Aluminum recovered in alloys (mainly No. 12).....--..---++++++++ 26,300 23,700 


44,000 44,200 


‘ 
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Primary ALUMINUM PropucED, IMporTED, AND EXPORTED IN 1925-26 


Value of primary aluminum produced in the United States $36,430,000 $37,583,000 
Aluminum (crude and semicrude) imported for consump- 

FIOM), POULAS ae x ccscea asd nasal Both erage rei ates alent ne 41,997,178 71,391,717 
Aluminum (crude and semicrude) exported, pounds...... 12,642,034 7,634,171 


Mineral Resources reports do not give the quantity of aluminum pro- 
duction, though the value is given. Following is the percentage of 
recovery of scrap aluminum and aluminum in alloys, compared with the 
domestic output of aluminum given by the American Bureau of Metal 
Statistics: 


Per Cenr. : Per Cent, 

TOUS ee ee ee eee 5 MEE PLOE Se ncals ot REE es OE 23 
LOLA ee ee eee Lem LO Dim renen tees Se 5 ee a 33 
TOUS er eee ee eT LOZ 2 are eee een me es 
TLOUG Petree tee et Gere en ae ere ar eo LOZ eee anh Nye OS 
TOL ite re ca, Ae tcc BPR ee ee O) BL 2a eee ee a ee onle 
TOLLS Pena corse eee re Oy AP . 59 
191.0 \eee eee ; 29 S926 ete te Cee 


*About ¢ same as 1925, no production figures given. 


The imports of aluminum are very large and the ratio of secondary 
material to virgin metal would be much lower if imported metal was added 
to domestic production. 

In 1913 and 1914 the secondary aluminum recoveries reported prob- 
ably were incomplete. 

In 1925 the imports of aluminum were large, and those for 1926 were 
15,000 tons more than in 1925. 

Aluminum clippings and drosses are the chief source of recovered pig 
aluminum; defective castings, borings, dross and old castings supply the 
aluminum recovered in alloys. Since 1916 the amount of aluminum in 
alloys has been larger than that recovered unalloyed. 


Seconpary NickrL RECOVERED IN 1925-26, In SHort Tons 


1925 1926 

Nickel recovered as metal. . Beet Seman o a5 pre A eee ee 191 485 
Nickel recovered in non- faerie ali are ant salts. Jiri acs ae es OO eee OOS 
2,300 3,050 


Primary NickrL Propucrep, IMporrrED AND FE xporTED IN 1925-26, IN SHortT Tons 


Nickel produced as a by-product from the electrolytic refining of cop- 


eG auiclomesticirehmenics ewrcee rae tern ce teen a ea 272 306 
Nickel imported for consumption in the United States as nickel, or in 
ores, matte, oxide and alloys......... einiit nace st eee OS OMEO ETO 


Nickel, frome! metal and other Mie: orcas TRA Oe aN Senne) 799 


No production of primary nickel has been reported from domestie 
mines for several years. The only primary nickel—and that not necessa- 
rily of domestic origin—is a by-product from the electrolytic refining of 


DISCUSSION 669 


copper. No inquiry has ever been made concerning the quantity of 
nickel contained in remelted ferrous alloys, although that is probably still 
the largest source of secondary nickel. 

The recoveries from non-ferrous alloys have increased rapidly and will 
increase further as the uses of non-ferrous nickel alloys in peace-time 
manufactures continue to increase. 

The total value of the secondary metals included in the inquiry during 
the period 1910-1926 has been about $2,773,000,000, about $726,000,000 
more than the combined value of the gold and’ silver production in the 
same period. 

With industrial expansion and greater consumption of primary metals 
the recoveries of waste will increase, for large companies with adequate 
equipment and with widely distributed plants and agencies now handle 
the bulk of metal wastes. Buying in large quantities and employing 
chemists and metallurgists, they use materials to the best advantage and 
sell metals and alloys on close specification or by brands. 

Business ethics of the trade have improved, and rigorous competition 
has caused expansion in the size of plants and in the reliability of their 
products, so that there are few users of metals who can afford to ignore 
the saving possible by the use of some reclaimed material. 


DISCUSSION 


W. C. Hirscu, Rahway, N. J. (written discussion).—The author presents the 
interesting information that ours is the only one among the world’s governments to 
distribute data pertaining to waste metals and drosses. To this may be due, in no 
small measure, the contrast presented by conditions in the secondary metals industry 
here and abroad. Only the other day, I read in a London trade publication an article 
in which the writer, after singing the praises of statistical information available 
regarding virgin metals, said: ‘To this laudable state of affairs scrap forms an excep- 
tion, for it furnishes no record of business done, scorns ‘official’ prices, conforms to no 
standard of form or purity, and leaves the estimation of quantities available, and likely 
to accrue, to those sufficiently interested in old metals to gather such meager informa- 
tion as can be got from a study of ‘disposal sales.’”’ 

The self-discipline which the American trade has imposed upon itself through the 
National Association of Waste Material Dealers has been made possible to a large 
degree by the moral support and sympathetic attitude of the U. S. Geological Survey 
and later of the U. S. Bureau of Mines, so that, aside from the valuable statistical 
service rendered by the author of the paper under discussion, he and his mentor, C. E. 
Siebenthal, have done much to overcome the prejudice that used to take the form of 
the question: “Can any good thing come out of the junk business?” 

Moreover, they have stimulated thought along constructive lines with reference to 
the economic status of secondary metals, in proof of which it is but necessary to cite a 
recent study from the pen of A. B. Parsons," presenting an admirably comprehensive 
and profoundly sound analysis of the influence of scrap supplies on the markets for 


virgin metals. 


1 A. B. Parsons: How and Why Salvaged Scrap Affects Markets for Virgin Metals. 
Eng. & Min. Jnl. (1928) 125, 286. 
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Dunlop notes the much more efficient handling of scrap at its source and marked 
progress in its treatment in the plants of secondary smelters, due to the employment 
of competent metallurgists. The war made American industry scrap-conscious in 
more sense than one. While we were still in it, and did not know how long it might 
continue, I wrote a series of articles on Warring on Waste,’ which were published in an 
industrial, monthly magazine, and which, in part, Dunlop had the kindness to embody 
in his annual report. I concluded this series of articles thus: 

‘Properly managed the equipment provided for the conservation of scrap and the 
time and effort expended in its systematic accumulation, supervision, and disposal will 
prove not only directly profitable, but the indirect return which will come from the 
enhanced eare that will be accorded to new material is certain to prove of incalculable 
value. There is perhaps no more reliable index to the state of an industrial enterprise 
than the manner in which its scrap is handled. The day of the salvage expert is 
beginning to dawn. At first he will have to work out his own salvation. Later his 
vocation will become a profession, the theory of which will be taught in universities 
and colleges. ‘American industry will be decidedly the gainer when the industrial 
salvage expert has come to be commonplace and indispensable in the average plant.” 

This and kindred propaganda from more influential sources has borne and con- 
tinues to bear fruit. Large industrial scrap producers, frequently also large con- 
sumers, are keenly alive to the vital importance of the subject, and, if the smaller 
manufacturer wants to stay in the ring, he must follow suit. 

But while, as Dunlop intimates, industry has made marked progress along the line 
of scrap conservation and utilization, household, farm, garage and the small workshop 
have hardly kept pace with this advance. Travel along the highways and byways of 
the country, and you can not help seeing abandoned wrecks of motor cars lying by the 
wayside or in shoals in wreckers’ yards, brass and aluminum rusting away. In 1919, 
the Waste-Reclamation Service of the Department of Commerce issued a brochure 
with this slogan: ‘Don’t Waste Waste—Save It.’’ It was written for the mass of the 
American people, and contained such facts as the following: 

100 lb. of scrap zine will make about 75 lb. of new zine. 

100 lb. of serap lead will make about 93 lb. of new lead. 

100 Ib. of aluminum castings converted into ingots will make 94 Ib. of new aluminum. 

Sheet-aluminum scrap shrinks about 10 per cent. and aluminum turnings from 15 
to 25 per cent., while new clippings or cuttings shrink from 1.5 to 3 per cent. 

100 lb. of heavy scrap copper will make 95 lb. of new copper. 

100 Ib. of light copper will make 90 lb. of new copper. 

Just as the increased cost of distribution of the necessities of life has become a 
burning problem, so the increased cost of collecting household, motor and miscella- 
neous scrap should be brought into the foreground of discussion. Low prices for virgin 
metals threaten to completely dry up this important source of scrap supply, and when 
a national emergency arises we shall be the sufferers. 


Poke all the fun you want at 
the junkman, but keep him in business. After all, economically, he takes his place 


by the side of the miner, and look at all the praises that poets have heaped upon that 
noble calling. 

The serap-metal merchant really deals with two distinct classes of scrap. One 
consists of unalloyed serap, such as crucible copper, tea-lead, block-tin pipe, zine and 
aluminum clippings. I have yet to hear a convincing argument why these should be 
quoted on any other than a percentage basis of their respective primary metals, allow- 
ing for melting loss and cost. In practice, of course, their price is made on that very 
basis, but the unfortunate part is that separate quotations, expressed in cents instead 
of per cent. of virgin-metal prices, tend to create in the minds of many consumers the 


> Factory (1918) 20, 494, 740. 
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erroneous impression that a wide gulf separates scrap from virgin metals, when, in 
fact, crucible copper scrap, metallurgically, is on a parity with casting copper quoted 
in the list of primary metals, and frequently a secondary product. When the question 
of fixing maximum prices for certain scrap metals came before the War Industries 
Board, Pope Yeatman, chief of the Non-ferrous Metals Division, took the very logical 
attitude that scrap copper was, in fact, copper, and that, therefore, the maximum 
price established for the virgin metal applied per se to its alter ego. 

The other class of scrap with which the merchant deals consists of alloys and 
drosses. Their value is determined far more by the ingenuity of the specialist who 
treats them and leads them into that avenue of consumption where they can be most 
economically utilized than by mere market conditions. 

Study of the figures presented by Dunlop covering the proportion of secondary 
copper recoveries compared with smelter production of ¢opper from domestic ores 
drives home the thought whether it is not high time to preach the idea that, barring 
the exceptions that prove the rule, it is a crime to use virgin copper for casting, even 
when the primary market is extremely low. Virgin metal is indispensable in wire- 
drawing, where high conductivity, aside from purity, is essential, and in rolling some 
products, especially for electrical use. Is it not economically wrong to use it where 
secondary metal will give as good satisfaction, and save heat besides? 

Dunlop makes mention of the heavy exports of scrap now finding their way to 
Europe. Others have had the same thought as I on this subject, that resistance to 
the American copper export combine was directly responsible for Europe’s appetite 
for American cuprous scrap. In this, scrap is simply performing its historically 
traditional function as a market corrective. The Secretan Syndicate, which set out 
to corner the world’s copper supply in 1887, went to smash in 1899 because thousands 
and thousands of tons of scrap copper were thrown on the market. Scrap copper also 
had its share in defeating the attempt of Amalgamated Copper Co. to corner 
the supply. 

The peace-time importance of secondary metals, our second line of defense in time 
of war, is steadily growing. Scrap holds the balance of power in the metal markets, 
preventing combinations of producers from overreaching themselves. More light is 
needed on our invisible supplies, and the rapidity or perhaps slowness with which 
metals in their various uses return as scrap. Certain it is that there will be a steadily 
widening field for the technical knowledge and systematic research of the metal- 
lurgist who, grounded in the metallurgy of all commercial metals, makes the efficient 
and economic utilization of secondary metals as much his life’s work as has J. P. 
Dunlop their statistical study. 

J. P. Duntopr (written discussion).—I quite agree with Mr. Hirsch. The day of 


the salvage expert is here. The “savers”? will become nearly as important as the 
buyers and salesmen. Mr. Hirsch’s suggestion as to quotations of scrap in percentage 


values is a good one. 


Sampling and Evaluating Secondary Non-ferrous Metals 


By T. A. Wricut,* New York, N. Y. 


(New York Meeting, February, 1928) 


THE SAMPLING of waste materials containing copper, lead and tin has 
taken on a new significance within recent years, and is of increasing 
importance, on account of the entry of some of the copper refineries into 
this field and the tendency towards consolidations among the smelters. 
In the past, such material was sold on the basis either of a rough or grab 
sample or of casual inspection of the lot. 

The two principal sources of this waste are the processes of fabrica- 
tion and the scrapping of automobile, electrical, plumbing, railroad and 
other equipment. In both eases much material can be sorted, salvaged 
and sold by elassification and grade to be melted “as is” or with the 
addition of new or virgin metal. The increasing care in classifying 
exereised in the large manufacturing plants tends to increase the propor- 
tion of this usable scrap; on the contrary, the increasing use of more 
complex and special non-ferrous alloys tends to make sorting and grading 
more difficult in turnings, borings, clippings, ete., and consequently is 
making sampling of more moment. 

In tin, lead, aluminum, and zine furnace by-products such as ashes, 
drosses, skimmings, ete., the trade practice of evaluation has not varied 
much. For instance, tin drosses, battery lead, and aluminum skimmings 
are ordinarily sold on what is called ‘‘metallic button” or “metallie 
recovery” or “metalle yield.”’ Copper and lead waste, however, is 
being sold more and more on actual copper and lead contents based on 
sample and chemical analyses. 

This paper will be devoted chiefly to the sampling of materials suitable 
only for refining and recovery of one or more of the metals present. 
The methods described are often based on the fact that but one metal, 
such as copper, is to be paid for. The loss of volatile constituents in 
melting does not appreciably affect the final copper result, as the “after- 
melting” assay can be readily calculated to the “before-melting”’ basis, 
but if smelter efficiency continues to increase, so that in time zine, for 
instance, may be recovered on a paying basis, the method of sampling 
dirty brass, for example, will have to be changed also. 

As a matter of fact, we may expect that improved refining processes 
will make possible the partial recovery of lead and tin which are now lost. 


* Secretary, Lucius Pitkin, Ine. 
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GENERAL PRINCIPLES OF SAMPLING SCRAP 


Mathematics enters very little into the sampling of metallic serap 
as such. The drawing of the sample is all important, and no substitute 
for personal selection made jointly by the representatives of the buyer 


and seller has yet been found. On the other hand, on copper-bearing 


material, as it is known in the trade, a definite ratio of the lot may be 


set aside and true coning, mixing and quartering practiced as in ore 
sampling. Table 1 shows a rather rough group of types in which selec- 


tion has the larger importance and Table 2 those of which definite pro- 
portions should be taken. A combination method is advisable when 
judgment is a large factor and conditions admit: for example, in shipments 
of skimmings, there may be large chunks of metal; if the sample is being 
drawn by the tenth or fifth shovel or by an automatic mill the large 
metallics should be set aside, broken up with a sledge, mixed, quartered 
down and weighed. ‘The final sample for melting should be made up of 
the proper proportions of fines and the broken metallics. 


TasLE 1.—Rough Grouping of Metallic Scrap When Selection is of Greatest 
Importance (Class A) 


| Copper Free Iron 
Scrap Metal | | Per Cent. | Per Cent. 
a | it, 

| High | Low | High | Low 
ATMStineeneee da <cacpie-sase) M-T 25 | 10 80 5 
INRG NEMO. cic Dees eee eye 66 27 50 0 
IBTASS SCL DME oc <2) lls oe <= | M 85 10 80 10 
IBredicave eee. airs 2 oleiele sh) M 65 30 35 0 
Briquetted metal...........-.| M 99 45 
Bronze @crapesia..2<:.08:.-~.| M 90 75 Sn 
@arburetotahets! a. lows. iat ot 9M 83 163 
Goils—eclecivic, fec.cd5. 4 50 soya | M-T 90 C7 66 0 
Composition scrap.......-.-..| M 85 60 Sn 
Opper SCLAD. «aa es wee M 99 87 
Biel ds eee ts ear ie aoe M-T 50 25 70 20 
Bottoms, furnace... .-- 2-2. --- M-D 93 
Generators ee ease: Je M-T 20 10 80 5 
Gageai.25.$.206 soo paneer oee M 71 48 15 0 
TRAGIERIGSs oo boo Soe eae deer Flat Rate Sn-Pb 20 
TUNER banc a0 goo pemeaerom D 96 - 88 
Vc gi BEE ae eee D-M 88 45 | Sn-Pb 5 
Wire and cable. . M 31 13 Pb-Sn 
Copper-clad steel wire ead BX 4p 70 10 90 30 
Tinsel, cordage, magnet wire. M 50 20 
Insulated witeeescse sr. 2-1 M 91 30 

* M = Melt; T = Matte; D = Drill 
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TABLE 2.—Rough Grouping of Metallic Scrap of Which Definite Proportions 
Should Be Taken (Class B) 


Copper | Free Iron 
Copper and Lead-bearing Scrap Per Cent. | Per Cent. 
*Sample Contits 
| | High | Low | High | Low 
Ashes, all kinds o,f 2 ah M-S | 75 oe PD 
Battery-pldtes! F205 2. oe Mee) 485 68  Pb-Sb 
Borings, all kinds.............| SM 9% P10 | Sn 50 
Bronze, powdene. tac. see aere od s We eectihee li ergs Sn 
Buffings, allkinds............| SM | 65 9 
Carbon blocks and dust........ M-S 9 79 69 Pb-Sn | 
@ement copper). .2 552 Y. 2%. S| od 20° 4 (ater ss 
Cobbmges ss giant Ge. wisskee.e | M-S 25 esa) ) 
Concentrates, brass............| M-S 70 ip gf ee O 
Copper cinders and pinkern Se Losi 301s 7 | 
Copper oxide and scale........ S | 95 both | 
Copper ingots and pigs........ | D-M | 99 Sh eulagion 
Drosses (Cu, Pb, Sn, terne, | 
solder, babbitt and die-cast- | 
TAQ! eae Spat ore cee ee | | Sn-Pb | 20 
Dustef copper sch he tmen eocte wey ) S54 (OUS) 
Pines hee ee 16h oh - oe ES 2 beh Ba 60. | 20 JJ 
Bilings.& wep docks cas eee ee S-M | 75 65 _ 40 
Cyinthee elk we ccc tyne | S-M ina 0 | 20 
Jack-strips. . ye Baie bi LE 10 | | 50 40 
Tamp bases. Pia dnrad 4 aE M 30 | 5 
Lead oxide and mud.. ef ONS FOP Plage ete a 
heads sulfaterste tied -onre.. eas S 65 Pb | 35 Pb | Pb 
Ia ticd Ml heels inet a ae Sea a BOtedte aU 
Mud, foundry, rumbling....... S | 25 3 
RGSLQUER 60 eo crag ataces te ace SS) | 40 25 
Shells, shotgun, brass, copper. . M | 70 25 
Shells, electrotype............ M 5ORe) 80 Pb 
Screenings, siftings, sievings. . . 5 70 | 45 
Skimmings (aluminum, brass, | 
zine sal-ammoniac)......... M | (oe ah 7 Pb-Sn- 
| | Zn-Al 
Stays all Inds, ..°:. so ey ee peek 0 |Sb-Pb-Sn 
SDADLERES Osea are oic o kee eae M 65 35 
SWeAtaiNe aut. ne Ae eee M Sn-Pb-Sb_ 
Sw Genint sine uate. coe ae ee S-M 65 | 25 
Tailings, separator, magnet... S 56 | 7 | 
Turnings, all kinds........ ..| M-S 99° | 23 Sn] 
‘Washing Syaeyscse penne ee eee) ) | 85 | 4 | 
| | 


*M = Melt; T = Matte; D = Drill; S = Screen 
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The aim at all times should be to minimize the personal equation, 
but to keep in mind that free metal is invariably present and that the 
lot is probably very unhomogeneous, or rather, heterogeneous. 

In Class A (Table 1) the representatives of both buyer and seller 


_ select a number of pieces, which will be as nearly typical as is consistent 


: 
; 


with the weight and value of the lot. Hand work is not only unavoid- 
able, but desirable. For example, a carload of briquetted or bundled 


_ wire may have “bricks’’ or “bundles” consisting wholly or in part of 


heavy insulated and cotton-covered wire, soldeted ends of clean wire, 
lead-covered cable, and copper gaskets. Haphazard selection is wrong 
and taking every tenth may be very unfair; a number of each type, 
dependent on occurrence, should be taken and one-half of each ‘‘brick”’ 
sheared off and cut up into small pieces. The pile can then be mixed 
with shovels and quartered down to a weight of 10,000 to 30,000 gm. 
(20 to 60 Ib.) and melted. 

Another example would be armatures, which run, of course, very high 
in iron. A sufficient number of each type, which may be one of each or 
more, may be first stripped by hand. A greater net weight can then be 
melted unhampered by unwieldy amounts of iron. 

In tuyeres, one or two should be selected and the inside scraped and 
cleaned before drilling, if possible. Obviously, the tuyeres taken for a 
sample should be weighed before and after cleaning, although no melting 
is done. 

It should be evident from the cases mentioned that the sample taken 
may be anything from 1 to 50 per cent. of the lot of scrap. 

In Class B (Table 2), however, a more or less definite scheme can be 
outlined to cover a sample of 1, 5, 10 or 20 per cent., depending on the 
percentage of free metallics and the particle size. The main point lies 
in the manner of taking the sample. Each man engaged in unloading 
the car should be assigned to a certain area and the removal of the 
material should be along a definite line, say from right to left or vice-versa, 
setting aside the fifth or tenth shovelful for the sample. Large metallies 
should be picked out by hand, broken down, weighed and added in the 
proper ratio to the main portion. Certainly the men unloading should 
not be permitted to shovel here or there, taking a sample shovelful when- 
ever or even wherever they may choose. The only justification for a 
percentage sample is in the regularity of taking it. A carefully taken 
grab sample is better than every fifth shovel taken haphazardly. 

In all cases, half the final crude sample should be held as a reserve 
in case of dispute. 

MoistuRE DETERMINATION 

In general, the regular sample will suffice. If the vena is sold 
with payment to be made on the original or ‘“‘as received”’ basis, it 1s 
necessary to ascertain the moisture, if for no other reason than the proba- 
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bility that the reserve portion may either lose or gain moisture in storage, — 
and, of course, it is always advisable to dry before charging into a crucible. | 
If the sample is to be screened only, either the sample must be dried at — 
212° F. and the resultant assay run on the “dry basis” or else the sample — 
may be burned with or without the addition of kerosene oil. In either — 
case it may be calculated to the ‘original basis.” 

If material is sold with payment and treatment charges on a dry basis, 
a moisture test must be run. The usual practice is to take either the 
regular sample or a portion (weighing, say, 10,000 gm.) and dry either 
in an oven or by the furnace. The moisture determination, therefore, 
may be very important, for it may not only reduce the treatment charges 
through smaller weights but may throw the material into a higher 
schedule and consequent lower rate. 

The moisture determination, in most cases, should be made by drying 
at a temperature about 212° F. Fine material is sometimes calcined, 
but while this shows a loss of other volatile and combustible matter as 
well as moisture, this loss may be partly offset by oxidation of finely 
divided metal. As a matter of fact, material like copper cements and 
some mattes will show first a loss, but finally a gain when dried at slightly 
over 212° F., 

Copper oxide or mud from wire or cable may contain both water and 
oil or grease. The samples are generally first dried and then burnt. 
Such moisture determinations are often unsatisfactory. 


ELIMINATING OIL AND GREASE 


In the sale of turnings, etc., for remelting purposes, the matter of oil 
and grease is often an issue. A 5 or 10 per cent. sample is taken of 
thoroughly mixed material, coned, quartered and remixed and placed 
in a container, preferably a bottle. When sold to a smelter, this class 
usually calls for burning the sample. Before and after burning weights 
must be taken. When sold to a brass foundry the turnings should be 
washed, first with alcohol and then with ether, before analysis, the loss 
in weight being ascertained. 


REMOVING IRON 


Whenever possible, free iron should be removed with a magnet or by 
hand before melting. If the sample is one that admits of screening, it 
is best to pick out by hand the larger pieces and use the magnet only on 
the coarse scales or metallics. If used on the fines, values may be 
removed at the same time, especially if oily. If the iron is attached to 
the other metals, as in armatures, generators, bed-rods and the like, it 
is sometimes possible to sweat the material. When necessary to actually 
melt the other metals, the iron should be taken out by skimming; it 
should always be weighed and the weight included in the sampling data 
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given on the bag. Unless carelessly done, the “wash” or copper adhering 
to such iron can be disregarded. If the material cannot well be sweated 
or melted into a good bar, the whole sample should be melted with the 
addition of sufficient sulfur to form a clean low-grade matte. This is 
especially advisable on material containing more iron than copper and in’ 
copper-clad steel. 

SizE OF THE SAMPLE 

The weight of the final sample is dependent on (1) the melting equip- 
ment available and (2) the size and character of the pieces in the ship- 
ment. Ore can always be broken down and crushed; scrap rarely. 
The larger the particle size, the fewer the particles; and consequently the 
larger the sample required. The more varying the character of the 
pieces, the larger the sample required; 100 lb. might be none too much to 
melt of an irony composition, while 20 lb. might be plenty for dirty 
grindings or No. 2 wire. 

For convenience, it has been the habit at some smelters to take even 
and definite weights for melting, such as 50 or 100 Ib. (10,000 to 20,000 
gm.). This is not good practice, for to get an even weight, something 
must be taken from or added to the final sample. Either a definite 
quarter or two quarters should be weighed ‘‘as is,”’ whether selected by 
the shovel or by hand. There is no doubt that taking round figures, 
such as multiples of 10 or 100, minimizes clerical errors, in one way, 
especially in calculating the final assay, but the weights of the various 
portions after melting or screening are rarely even, so the clerical and 
mathematical advantages claimed are at least open to question. 


MELTING EQuIPMENT AND PRACTICE 


Copper, brass, scrap and copper-bearing material are usually melted 
in graphite crucibles, sizes from No. 100 to 150 being in general use. 
On account of the bulky nature of some of the scrap, it is best to be 
generous as to capacity. It is sometimes necessary to charge in several 
batches and possibly add more flux. 

The furnaces may be either of the pit or tilting type, and are usually 
oil-fired. (Fig. 1 shows furnaces used by United States Metals Ref. Co. 
at Chrome, N. J.) One man can handle two furnaces, but two men are 
required for melts much over 50 Ib. This increases sampling costs, 
which are, of course, passed on to the shipper, and increased accuracy 
gained by melting a larger sample may be more than offset by the 
increased sampling charges. 

All the samples should be delivered to the melter in containers plainly 
marked with the lot number. The charge can be placed in the crucible 
and the necessary flux added. Borax is generally used alone or with 
additions of charcoal, soda ash, and sometimes sand, depending on the 
material. Salt should not be used with samples in which the copper and 
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tin are to be determined, and in melting all samples for lead, tin and 
antimony, care must be taken to avoid excessive heat in melting. 

A crucible-will give 12 to 14 melts, on the average. Clean copper- 
bearing material will give from 18 to 20 melts; very dirty and irony ~ 
material from 5 to 10, and battery lead rarely over 7 or 8 melts. High- — 
zine and irony samples are the hardest on crucibles. 

After the sample is properly melted the free iron may be skimmed off 
into a pan; tagged, cooled and weighed. The slag is then skimmed into 
a pan, or better still, poured with the metal into a mold, the slag broken 
loose and weighed. If very small in amount or of a light color, it can be 
disregarded altogether. This is usually the case in heavy and light 


Fia. 1.—FurRNAcES UsED BY THE Unirep Starrs Metats Rerintina Co., CHROME, 
N. J., FOR MELTING SAMPLES OF COPPHR-BEARING MATERIAL. 


copper, clean brass, ete. Slags from furnace products, dirty scrap, ete., 
should be weighed, crushed to 60-mesh and sieved. 

Shot will often be found. Experience has shown that the copper 
assay of this shot will rarely vary more than 38 per cent. from copper 
assay of the bar, so that it is generally cheaper and sufficiently accurate 
to weigh the shot, deduct the weight from the slag and add the weight 
to the bar, thus saving an assay. The slag as ground is mixed, quartered 
and bagged. If it is necessary to remelt a bar because of hard irony 
shots, it is best to add more flux. The weight of the second slag should 
be added to that of the first, and the two should be mixed. 

After skimming, the melt is poured into a flat slab or bar, preferably 
not over lin. thick. Drillings should be taken from all portions, drilling 
through each time. The drillings should be mixed carefully before 
bagging, but it is rarely necessary to grind them. 
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Great care must be taken in tagging and marking, and the stamping 


_ of the bar is especially important, for it is the heart of the sample. 


The after-melting, or A. M., weight should be taken and noted; in 
fact, all weights pertaining to any sample should be checked by two men. 
This point cannot be stressed too much. 


PREPARATION OF SAMPLES 
After the sample has been selected by one or the other of the methods 


_ described, it may be prepared by one of several dffferent schemes, depend- 


ing on a number of conditions, governed (1) by the facilities at hand; (2) 
by the weight and approximate value-of the lot; (3) by the size and 
character of the material. The methods at this stage of final preparation 
comprise melting, screening, and matteing. 


Melted Samples 


Melting is the method generally used. The material, cither dried 
or undried, may be charged directly into a graphite crucible or the fines 
may be screened out and only the coarse material melted, with or without 
prior removal of the iron. 

Screened Samples 

Material suitable for screening is usually dried first, for obvious 
reasons. It may also need grinding or crushing in a mill or possibly by 
a jaw-crusher and set of rolls. Sieves 30 to 60 mesh are used, 
dividing the samples into portions called fines and metallics, or pulp 
and scales. 

It is generally advisable to assay each portion separately. The iron 
in the scales, shot or metallics should usually be removed with a magnet. 
No attempt should be made, however, to remove iron in this way from 
the fines or pulp portion. 

It may be good practice to melt the coarse portion if it is sufficiently 
large and unhomogeneous. Before and after melting, weights should be 
taken. In melting, it may be advisable to add a small amount of borax, 
but it rarely is necessary to weigh or analyze the small amount of 
such slag. 

Matted Samples 

For irony material, this method, when it can be conveniently used, 
is best of all from the standpoint of accuracy. When properly carried 
out the resultant matte can be crushed, pulverized and thoroughly 
mixed. Only one determination of copper is necessary and the buyer’s 
and seller’s assays should and do check within 0.25 per cent. or less. It is 
peculiarly suited for irony material but the cost is high and very few 
smelters have facilities for getting a high enough heat, so that often a 
slag will contain free metal. This slag must be ground and separated 
into fines and shot, making three portions of the sample to be assayed. 
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The final result, though more nearly correct, may have increased the 
sampling costs beyond reason. 

On the other hand, some samples have so much iron not readily — 
removed except by melting that, despite the care used in skimming after 
sweating, the resultant bar contains hard spots, which easily break a drill. 
Such a bar must be remelted with additional flux, thus giving two slag 
weights and two A. M. weights for the bar, with a consequent increase 
in labor and fuel cost and still further chance for clerical errors and losses. — 


ALUMINUM Scrap, DRosseS AND SKIMS 


Aluminum scrap is rarely sold on joint sampling at the works of the 
buyer. One of the largest works handling this confines its purchases 
chiefly to material of which the origin and composition are known. 

Drosses and skims, however, require some form of sampling, as they 
are sold on the basis of ‘‘metallic or free aluminum,” no payment being 
made for the oxide. Up to recent times the practice has been to draw 
a sample by either the grab or shovel method, reduce in quantity, crush 
somewhat if necessary, and screen through a 60-mesh sieve, discarding 
the fines obtained and fluxing only the coarse. 

The free metal having settled to the bottom of the crucible, the heat is 
continued a few moments and the crucible removed, cooled and broken. 
After cleaning, the button may be sawed for purposes of analysis. As 
a rule, only the aluminum is paid for, but the button may contain other 
metals present in the original alloys; copper, for instance. 

Tests made in our laboratory with zine chloride and calcium fluoride, 
the usual fluxes given out in the trade, indicated that the finely divided 
metal contained in the portion under 60-mesh was not recoverable. 
We have reason to believe that a change in the method of fluxing would 
partly avoid oxidation of particles as fine as 80 mesh. 


Brass AND COPPER SKIMMINGS 


This material will usually contain metallics of appreciable size. It 
may be sampled by hand by the tenth shovel, or ‘‘one and nine,” as it is 
sometimes called, or it may be passed through an ore-sampling mill. 
The latter is a distinct innovation in sampling practice, introduced at 
the copper refinery of the United States Metals Refining Co. at Chrome, 
N.J. The mill is used only for carload lots. 

As in hand sampling, large metallics should be picked out and broken 
with a sledge. If there are many of these, they should be weighed and 
a proportionate amount added to the main sample as delivered from the 
last cutout used in the mill; if few, they may be broken up and thrownin 
with the rest of the material. The mill is equipped with four cutouts 
(any one or all can be used), each giving a 20 per cent. cut. If the parti- 
cles are of sufficient size, the material may be passed through a jaw- 
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crusher, gyratory crusher and three sets of rolls in the order given. The 
full use of the cutouts will give a sample equivalent to 195 of the lot 
with a weight ranging from 150 to 250 Ib. Depending on the setting 
of the final rolls, the maximum particle size will vary from 0.25 to 1 in. 
This sample may then be passed through a laboratory-size crusher, 
quartered once or twice as needed and melted to a bar and slag. 

Ashes, cinders, clinkers, cobbing, concentrates, drosses, muds, resi- 
dues, slags, fine spatters, sweepings, tailings and washings are sampled 
in a like manner except that they need no crusliing, as they contain only 
fine material. They should be screened and assayed “as received”’ and 
not melted. ah ald: alg? 


Leap DrRossEsS AND SKIMMINGS 


Waste of this type may be sold on the “metallic button” or total lead 
content basis. In either case, after a sample is obtained by the shovel 
method, it is melted down under a reducing flux. 

If the contract calls for “‘metallic,”’ most of the lead, tin and antimony 
will be in the button, together with some of the impurities such as copper, 
arsenic, etc. If “total lead” is called for, both the button and slag are 
assayed and the flux used is of a more simple nature, no care being taken 
in reducing other than to get a clean slag, which may contain as high as 
60 per cent. lead. In the ‘metallic’ melt, the flux is highly reducing, 
the losses of metal retained in the slag being partly compensated for by 
the somewhat impure button thus obtained. 


BaTTERY LEAD OR PLATES 


This consists of old wet batteries of the automobile and radio type, 
and the lead plus antimony will vary from 70 to 85 per cent. The anti- 
mony will run from 3 to 4 per cent. as a rule. The container is usually 
not shipped and there is a marked tendency to cut off the lugs and sell 
separately. There is always more or less dirt but in the past most of 
the trouble has been from the moisture. Some have dried at 100° C. 
(212° F.) but the better practice today is to bake the sample. 

On an average, the shipment will consist of lugs, connectors, plates, 
oxide and sulfate from the plates, and wooden or rubber separators. 
The separators will make up from 7 to 10 per cent. of the wet mass and 
will show a moisture about 10 times as high as the plates and lugs com- 
bined. The lugs will assay about 96 to 98 per cent. lead and antimony. 
An average lot of battery plates should contain around 8 per cent. lugs; 
a lot may have none; if mostly whole batteries, it might show as high as 
15 per cent. 

The plates and oxide, then, make up the bulk of the material and the 
difficulty in sampling is to get a proper ratio of plates, lugs and separators; 
or liners, as the last are sometimes called. The proper procedure is to 


. 


682 SAMPLING AND EVALUATING SECONDARY NON-FERROUS METALS 


take every fifth or tenth shovel, as the case may be, and when the sample 
is drawn have it weighed. Break and cut off the lugs and weigh to 
find out the percentage of lugs in the material. Break up and crush the 
plates and liners, mix and quarter down to approximately 100 Ib. Then 
combine the proper proportions of lugs and plates for the melt sample. 
Of course, a reserve sample should be held and moisture run at a tem- — 
perature high enough to drive off moisture and other volatile matter but — 
not high enough to melt or sinter the sample. 

The smaller the sample melted the more care must be taken, although — 
if brought to a fine state of division a portion as low as 100 gm. may be 
melted in a clay crucible; the latter cooled and the button broken out 
and weighed. This practice is followed at the works of one of the large 
smelters and is probably the cheapest in labor, fuel and material. 

Another works, which buys on metallic yield, melts from 250 to 350 
lb. in a large kettle. The slag must be skimmed off and the metal ladled 
out into bars. The cost is high and the time long. 

Trade practice in general calls for ‘‘ metallic yield,” ‘metallic button,” 
“metallic recovery” or “metallic” (all four terms being synonymous) 
as the final operation of determining the value of battery lead and similar 
material; and there is little doubt that when properly carried out the 
results may be sufficiently near the truth. As mentioned before, the 
button is weighed and is assumed to be Pb + Sb. The slag is assumed 
to contain no more Pb + Sb than will be lost by the smelter in refining 
and is, therefore, disregarded in this method. Ordinarily then, there will 
be no necessity for analyzing the button or the slag. As a matter of 
knowledge, a 300-lb. sample, typical of the practice at one works purchas- 
ing on the metallic basis, was thus melted and assayed. The metallic, 
or button, was 78.10 per cent.; the slag amounted to 6.78 per cent. of the 
sample. ‘The partial analyses of each and the calculations showing the 
comparative and composite values is given in Table 3. 

Our experience is that on a large melt, the sample is more repre- 
sentative but the metallic yield is too low because of the character and 
amount of slag. Conversely, on a small melt, it is more difficult to 
obtain proper proportions of lugs, plates, liners and oxide but the slag is 
more apt to be relatively small and clean. 

In another experiment in our laboratories, the total of the actual 
Pb + Sb was 0.50 per cent. more than the metallic button run down on a 
large portion of the same sample. 


Pb + Sb = 83.00 per cent. vs. metallic button, 82.50 per cent. 


The slag on the first sample was high in both lead and antimony. 
The slag on the second, as usual, was not saved and analyzed. 

The better practice, therefore, in the opinion of our organization, is 
to melt from 50 to 100 lb. in a large crucible to a clean slag free from shot. 


so tamal 
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TaBLE 3.—Partial Analysis of Typical 300-lb. Sample 


Lead, Antimony. Tin, - Arsenic, Copper, Tron 
Per Cent. | Per Cent.” Per Cent. | Per Cent. Per. Cont, Per Cent. 


Analysis 4.85 
J BX Wi ey ch een 94.54 : 0.23 0.10 0.00 On27 
Slap eee ial. Meme awa ne 39.57 2.93 1.01 1733 ie 4.28 
Reconciliation * 
Bar (78.10 per cent.)..| 73.83 3.79 0.18 0.08 (OF 0.21 
Slag (6.78 per cent.)...| 2.68 0.20 0.0 0.09 0.12 0.2 
San plese anaes oe 76.51 3.99 0.25 Ors 0.12 0.50 
Per Cent 
Metallic yield — lead + antimony + impurities............... 78.10 
ead: plus*antimony 28 ASSAYCC: sees orc c ee aes 80.50 
IDTHRANCR RCo eo cbr 6 oo oe ORS Oe St ota ants mice or 2.40 


The slag is skimmed and crushed. Either the melt is poured, the slag 
broken off and the bars sawed, or a dip sample of the metal is taken and 
poured into a small bar, which may be rasped down. The weights of 
both metal and slag are taken and both portions assayed for lead and 
antimony, payment being made on that basis, less the usual deduction 
and with a premium or penalty for plus or minus 80 per cent. 
lead plus antimony. 

Baking losses will run as high as 15 per cent., called “moisture,” but 
most contracts specify or allow 1 percent. The average is 5 to 7 per cent. 


Tin AND TERNE DrossEs, SKIMS AND ASHES 


Tin drosses are often sold on the basis of “metallic button” or 
“recovery.” They may contain as high as 35 per cent. moisture and 
much zine and ammonium chlorides. In this wet condition they are in 
the form of a thick sludge and the sample is best taken while barrels are 
being loaded. A sample of 10 per cent. or 5 per cent. should be sufficient. 
(Another method of drawing is to pour off the water, mix and take a pipe 
sample of the sludge.) After mixing thoroughly the sample is placed 
in two-quart glass jars, covered tightly, and both barrels and sample 
are weighed. The sample is then sent to the laboratory and washed 
thoroughly by decantation, dried and weighed. -It may be then passed 
through a set of laboratory rolls, sieved through a 40-mesh sieve and the 
metallics or scales weighed. ‘The pulp or fines is best taken by difference. 
If sold on “metallic button” by the “coal” method, disagreements are 
minimized by making a joint assay in the presence of both buyer’s and 


seller’s representatives. 
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Coal Method 


Proportionate amounts of fines and scales, together with a flux made 
up of soda and hard-coal dust, are mixed in a small crucible. Four 
times as much flux as sample is taken and the latter may be from 100 to 
as much as 400 gm. Triplicates are made up and melted in a gas, coke 
or oil furnace. The melt, when not cooled in the crucible, is preferably 
poured into a flat bar rather than a button. If it is to be analyzed, 
raspings are better than sawings. Segregation in bars, from drosses 
containing antimony and lead, is marked, so the raspings should be 
thoroughly mixed. As a matter of fact, at least two melts should be 
taken and averaged. The slag is ignored. Results are low but are 
claimed to be in line with smelter recovery. As much as 4 to 15 per cent. 
of tin may be lost. 

Cyanide Fusion 


The cyanide fusion is less often used to ascertain the metallic button 
and is carried out in a manner similar to the old determination in tin 
ores, using twice as much cyanide as sample. It is not suitable for 
terne drosses. A more accurate method is to screen the sample through 
a 40-mesh screen after reducing. A cyanide fusion on 10 gm. in triplicate 
will give a button on the fines, which may then be rasped down. 

If much iron is present the button will have hard spots and care must 
be taken again to avoid segregation. The coarse screenings will be of a 
scaly character and usually brittle. They may be further cut and 
broken down, riffled or melted under a flux or with resin, cast into a bar, 
weighed and rasped or sawed. Correction must then be made for the 
melting loss. 

Iron is an impurity and may be penalized. If present in sufficient 
quantity the determination can be made only by a wet method on the 
original material. Lead is also best assayed in a similar way. 


Most Accurate Method 


The most accurate method of all for such material is the one employed 
at the Balbach Works of the United States Metals Refining Co. on solder 
drosses, sweated radiator dross. This consists of melting 20 to 60 Ib. of 
a suitably prepared sample with soda and charcoal, in a graphite crucible 
or large ladle. The slag is crushed and ground and the bar may be 


sawed lengthwise and one-half rasped down. Both bar and slag 
are assayed. 


Zinc Asus, Drosses AnD SKIMMINGS 


These may be very wet and full of salts such as zinc and ammonium 
chloride or they may be dry with practically no chloride. They are sold 
on “sample,” the latter being often but a grab wrapped in paper, whether 
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wet or dry. Determination is always required for the total zine content 
and often for the moisture and chlorine, the latter being penalized. In 
sampling, care should be taken to obtain the proper proportion of 
metallics and fines. The sample is best bottled. 


Lampe BasEs 


This material consists of the scrap from electric-light bulbs. The 
glass from the bulb itself is usually present in a@nly a small amount, but 
that from the inner tube in which the wires are sealed will be present in 
varying amounts in the shipment. A base will consist of four parts, the 
ratio by weight of each part being as follows: 


STANDARD Typr LArcEe Tare 
1 In. Diam. 1% In. Diam. 
Per Crnt. BY WEIGHT 


BRS cial. ee ee ee ee ee 20 - 25 
VV OG ORIG Dig Bee St eRe ol nate dion oye ne 49 37 
(Glnssubu beer wer ae eee oes SRLS: Se RIE: Say 30 30 
IDRC Siatticte., Gap AS SEE ae Go eo oto OrciS een 1 1 


The material is sometimes shipped “‘as is.””’ The copper content 
will vary from 5 to 30 per cent., although the brass assays 66+ per 
cent. copper. 

Some shippers crush to remove as much glass and wax as possible, 
and such lots may assay as high as 50 per cent. 


ELECTROTYPE SHELLS 


Often sweated before shipping, they still run high in lead, and in the 
past payment was not, as a rule, made for that metal. They are now at 
times sold for both copper and lead contents and must be sampled on that 
basis. On casting, the two metals will separate in two layers. The lead 
portion will be fairly pure lead; the copper portion will contain more or 
less lead and, of course, impurities. 


LEAD-COVERED CABLE 


Whether called ‘‘lead-covered cable” or ‘‘copper-filled cable lead,” 
payment is made for the actual copper and for the lead plus antimony. 

The cable is best stripped by hand or machine and the lead and wire 
portions melted separately. The former will show a low melting loss, 
the A. M. weight being taken as the Pb + Sb + Sn. 

The copper portion, being stranded wire covered with insulation and 
coated with tar or similar material, will give a high melting loss. Shippers 
cannot understand why payment is not made for copper on the A. M. 
weight, as on the lead; obviously, copper melted and cast into a sample 
bar will contain considerable oxygen, to say nothing of other metal- 
lic impurities. 
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CaRBON BLocks 

Carbon blocks are made usually in four copper types ranging from 
70 to 85 per cent. The “pig-tails,” or stranded wire sometimes attached, 
will assay around 96 per cent. Almost all of the blocks and dust will 
show appreciable amounts of lead and possibly tin. They will assay 
from 69 to 79 per cent., rarely over 75 per cent. 

They must be melted with a flux containing niter, to oxidize the 
carbonaceous matter, or losses in melting are apt to be high, on account 
of dusting. 

This material may be ground in a jaw-crusher and roll-crusher but 
this is not advised, because, unless extraordinary care is taken in cleaning ~ 
the apparatus, it might result in salting some other samples. The fine 
powder is not necessarily dusty of itself. 


BRONZE POWDER 


This material is so fluffy that it causes a great amount of trouble. 
It flies about and sticks to everything and should not be handled near 
other lower grade stuff. 

AUTOMOBILE RADIATORS 

Automobile radiators are not sampled but are sold on weight less 
iron, which is in the water connections, plates, strips, etc. Some refineries 
have their own list of iron deductions for radiators, as does The National 
Association of Waste Material Dealers. The iron deduction will range 
from 2 to 20 lb., the latter from truck radiators. Fords will show from 
2 to 9 |b. 

The remainder is chiefly copper, brass and dirt. The solder will 
average about 7 per cent. The recovered solder may contain as high 
as 40 per cent. tin. Some dealers dismantle and ship the cores; others 
sweat to recover the bulk of the solder. The tendency at present is to 
use less tin than formerly in the solder, so the figure given for that metal 
will probably be too high for the future. 


JEWELRY AND DENTAL WASTE 


An entire paper could be devoted to this important and valuable 
material but only the phase that affects the larger smelter will be taken 
up here. There are innumerable establishments making jewelry and 
many small dental laboratories spread over the country. The waste 
from the floors, sinks, benches and furnaces, etc. is saved and collected 
by small dealers who are usually called ‘‘refiners.’”” Combustible matter 
is burnt by them to ashes, which are called ‘sweeps.’ 

Metallic waste, such as clippings, punchings or stampings, is usually 
cast into bars called “bullion.” Other names are ‘“‘platers’ scrap” and 
“filled clippings.” Only the low-grade type of bullion free from the 
platinum group will be discussed. 


- ~é 
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SWEEPS 


This material is always shipped in barrels or drums, usually sealed. 
Shipments vary from 1 to 7 bbl., rarely more. The entire lot is spread 
out on a clean floor and thoroughly mixed by shoveling, coning and 
quartering. It is often hygroscopic, because of the presence of sodium 
salts from cleaning solutions, and the moisture will run from 0.3 to-1.5 
per cent. A sample for moisture is best taken at the time of dumping 
the barrels and immediately after weighing. » This sample is usually 
dried at the works in the presence of the shipper’s representative. As 
a steam bath is used, about 0.10 to 0.15 per cent. of moisture is usually 
left. The main lot having been quartered ‘down carefully to about 12 lb. 
maximum, the sample, consisting of two opposite quarters (the other 
two being held as a reserve), may be placed in a pebble-mill or bucked 
down by hand on a bucking-board and sieved through an 80- to 120-mesh 
sieve, preferably the latter, to remove the scales or metallics. These 
will rarely run over 2 per cent., as in most cases the shipper has already 
sieved the sweeps through an 18 to 60-mesh screen before shipping. 

The sample should be weighed before grinding and the metallics 
weighed after screening. The fines weight is then taken by difference. 
On account of dusting losses, an improper ratio would be obtained if this 
were not done. ‘The fines or pulp is then mixed, quartered and bottled. 

The metallics is unhomogeneous in value and particle size and, being 
small in amount, should be scorified with an excess of lead to 20 to 100 
gm. poured in a small button or slab. The slag is cleaned and the button 
rasped, quartered and divided into three portions. 

Fines and metallics are assayed separately for precious-metal contents 
only. No allowance is made for base metals. 

Some works, instead of taking the struck weight of two quarters, 
weigh out, grind and sieve definite weights such as 16, 20, 30 or 40 assay 
tons. This is not reeommended, for while it is convenient for calculating, 
it is wrong in principle. 


Watch-case Bullion or Platers’ Scrap 


This material is very valuable. Silver will run from 1 to 50 per cent., 
gold from 2 to 15 per cent. and copper from 50 to 80 per cent. Payment 
is made for all three, the balance of the alloy being chiefly zinc and nickel. 

It is shipped generally in bars, the shipments rarely exceeding 13,000 
oz., as that is the full capacity of the crucible used for melting. The 
entire shipment, after weighing, is melted with a little borax and charcoal 
toaclean melt. The slag is skimmed off and poured into water to remove 
the bulk of the remaining charcoal, then dried and reserved. 

The molten mass is stirred vigorously by plunging an iron ladle up 
and down with a twisting motion. A small hot clay crucible is then 
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dipped into the metal and a shot sample taken by pouring into a pail of 
water in which a wooden board rests. The hot metal is thus spattered 
under the water, the object being to make as little “matted” shot as 
possible. The very fine shot should be screened out after drying and the 
very coarse picked out, only the medium size, about 18 to 40 mesh, being 
used at one refinery, and 1g to 14 in. at another. The coarse assays the 
same but is awkward to handle at the balance: the fines will carry any 
slag or dirt inadvertently carried over from the surface of the melt, and 
should not be used for assay, as it also has a greater tendency to oxidize, 
by reason of the zine present. 

The metal is ladled out into bars and weighed, and the slag reserved 
as described above, is thrown into the crucible. The heat is raised and 
the pot sweated. The metal recovered is poured out, cleaned of charcoal 
and the total metal recovery weighed. The assay is figured on this 
after-melting, or A. M., weight. The treatment charges may be based 
on the before-melting, or B. M., weight. 

A long series of experiments initiated by this laboratory and carried 
out some years ago at one of the refineries proved that, even on 
the highest grade material, no segregation troubles occurred provided the 
melt was thoroughly mixed, as described above. It was feared that the 
combination of high gold, zine and a high-melting metal—nickel—might 
result in an erroneous figure if the sample was dipped from near the top. 
The assays of samples taken at intervals from the bottom to the top by 
this method showed accordant results. 

Small bars, however, weighing only a few hundred ounces or less 
may be drilled in six holes diagonally across the bar, drilling through 
each time. It is very difficult to pour clean enough on a small weight 
to obtain a true A. M. weight, so a melted or shot sample is not always 
taken. The last method gives a more homogeneous sample, however. 
As these small bars often contain large amounts of platinum metals the 
relative accuracy of the two methods should be ascertained by a series 
of carefully controlled experiments on actual shipments. 
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DISCUSSION 


T. A. Wricut.—On page 678, I want to add one point: Often when drillings are 
taken from ingots such as are cast from melted samples, they are not ground, and there 
is ordinarily no necessity for it, but in large and carload shipments, handling valves 
ingots and things of that kind, the samples should be ground or the results will be 
indeterminate. Great care must be taken in tagging and marking, and stamping the 
bars is especially important; that is, in relation to the melted samples. I suppose at 
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least 75 per cent. of the samples taken on copper scrap and on the other metals are 
melted. The weights before and after melting are very important and should be 
_ checked. More trouble is caused by clerical errors than by anything else. 

The preparation of the samples is the all-important thing, and this is going further 
than what I said in regard to size of sample. No matter what scheme is used, it is 
_ governed by these factors, by the facilities that are at hand, by the weight and approxi- 
mate value of the lot, and by the size and the character of the material; so that really 
_ such methods as may be given here are merely outlines of practice which must be modi- 
_ fied many times to meet the particular situation that has developed. 


W. J. Brown, Brooklyn, N. Y.—Mr. Wright has partioulatly pointed out that the 
complexity of secondary metals makes the taking of the sample a matter of vital 
importance to the chemist. The work of the chemist is ofdittle value if his sample is 
not representative of the original material. To leave the taking of a sample to per- 
sonal selection makes sampling simply a matter of judgment. Unfortunately, many 
materials are of such a nature as to render other methods impractical. 

When in the process of quartering, large pieces are broken down to proper particle 
size, returned to the sample, mixed and quartered, it is important that proper particle 
| size be controlled by the amount of material being handled and that the quantity of 
| sample submitted to the laboratory be controlled by particle size. 
| Separating into several parts either by sieving or by selection with the consequent 

weighing of each part increases handling charges. Dividing the “‘assay”’ into parts 
such as a bar and slag increases the laboratory cost. Should tin, lead and antimony be 
desired, it is necessary not alone to determine those metals but also copper, iron and 
arsenic, which may be present as impurities, and increasing the number of parts 
multiplies the analytical work to that extent. When the lot represents a small ship 
ment, sampling and laboratory costs make an item to be reckoned with. 

The many varieties of scrap on the market and the complexities of their composi- 
tions call for the exercise of judgment on the part of both sampler and chemist. Mr. 
Wright has made a valuable contribution to the secondary non-ferrous metals field in 
pointing out the difficulties of handling this class of material. 


E. H. Laws, New York, N. Y. (written discussion).—Mr. Wright is to be congratu- 
lated on the writing of a valuable paper on a very difficult subject. 

In connection with the samplng of copper-bearing scrap material, I submit the 
following notes on possible improvements in practice: 

It is evident that copper-bearing scrap material is most difficult to sample, owing 
to the variation in the value of individual particles and the high melting point of the 
metallic pieces. Assuming a shipment which is representative of most of the material 
received, it will contain metallics varying in value from pure copper to metal of no 
value, or even to a minus value to the copper refiner. The difficulty in sampling is 
increased by the variation in size of the metallic parts and because of the presence of 
moisture and combustible matter, such as grease, dyestuff residue, crude oil, sawdust, 
paper and rubber. In order to get accurate results it is obviously necessary to cut out 
large amounts for samples and these notes apply to the handling of such large samples, 
which may reasonably vary in weight between 100 and 1000 lb., according to the size 
and character of the shipments. ; 

1. Drying Tests.—With steam-heated compartment with some controlled circula- 
tion of air and with special trays or buggies, it is practicable to dry large samples at 
nominal expense. This has been done with 1000-Ib. ore samples in lead-smelting 
practice in order to speed up and make more accurate the further reduction in size to 
laboratory pulps, and with most successful results. In determining the value of a 
shipment, the moisture content is of prime importance. If a large sample is taken, 
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the moisture determination made can be relied on to a far greater extent than that 
made on the usual,small grab sample. The determination should be checked by 
further drying the sample of the fines as it is cut down for the laboratory. In addition, 
the material is put in proper condition for further sampling operations. No expendi- 
ture for sampling can be made which will yield more benefit and valuable information 
per dollar spent than that for drying large samples. The results are convincing to 
both buyer and seller, 

2, Burning Tests.—Nearly all scrap-metal material contains some combustible 
matter, For example, in dyestuff residues, the combined moisture and combustible 
matter may reach 66 per cent. It is evident that an accurate determination of the 
combustible matter or moisture plus combustible matter may be of greater importance 
in showing what the material is worth. Drying puts the sample in good condition for 
burning and these tests can be carried on best in a small cast-iron or steel kettle, with 
proper setting and with hood for taking away the smoke and fumes of grease and acid. 
There should be provided convenient storage for samples and floor space for cutting 
down the fines produced. With a small battery of such sampling kettles, the operat- 
ing cost, which is chiefly for labor, can be kept at a very reasonable figure. It is 
apparent that the cost for floor space and equipment is low. 

3. Rejection of Worthless Metal.—Any lead alloys or other metal fusible at low heat 
which separate in the kettle can be segregated. Any worthless metal which can be 
detected by inspection can be picked out. Scrap iron can be removed with a magnet. 
A hand electromagnet with control switch is suitable for this work. It will operate 
in the same manner as a large lifting magnet and save expensive labor, besides making 
a better separation. 

4. Grinding.—After preparation of a sample as suggested, it is in first-class condi- 
tion for grinding preparatory to separation of coarse metallic pieces from oxides and 
other earthy material which can be ground fine. For this grinding a ball-mill is 
indicated and has been tried out. The design must be special in that it must be 
possible to easily discharge the entire contents of the mill. The metallics, of course, 
come out clean and burnished and the fines ground to practically any fineness desired. 


The separation between coarse metallics and fines is sharp and after passing a suitable ~ 


screen to hold back metallics, the fines can be cut down directly to laboratory pulps. 
5. Melting —If the metallics obtained are too large in amount for a convenient 
melt, they can be fairly divided by quartering, after shearing the large pieces. It is 


evident that the melting operation will be quite different with clean copper, brass and’ 


bronze from that in which oxides, dirt, scrap iron and other miscellaneous material 
must be fluxed or matted. Probably the best furnace for melting is the ordinary 
coke-wind furnace with fan blast and ample stack, which was used by the Nichols 
Copper Co. at Linndale. The high-frequency induction electric furnace, using eruci- 
bles, would be suitable because of speed and good working conditions, but the cost 
of the power equipment for a furnace to handle 50-lb. samples is rather high at 
present. In connection with melting, it should be remembered that while the metal- 
lies can run to 100 per cent. of the sample, they ordinarily form a very much smaller 
percentage. Also, there is no necessity for melting, for sampling operations, any 
material that can be crushed fine. 

All of the procedure, together with the recording of the various weights, can be 
carried on in the works as matters of regular routine and with accuracy. The sample 
mill furnishes a clear record of the results on each lot and this, together with an inspec- 
j ‘eport on the physical character f i i ri i ~ 
tion report on the physical ¢ ner veter of the material, gives a great deal of information 
before assays are made, This information is often of the greatest advantage in 
checking back. 

The sampling of lead-bearing scrap is similar to that of copper-bearing material 

) he melting operation is easier; in fae rucible work is mar 
but the Iting operation is easier; in fact, no crucible work is necessary, nor is it 
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advisable. I believe that sweating to metal and dross is preferable. The necessity 
of working with large samples is equally great, because of the varying character of 
the materials in one lot. The moisture content is extremely important ; for example, 
the moisture and acid in scrap battery plates can easily range between 2.5 and 12.5 
per cent. 

The best method in my opinion for sampling scrap battery plates is that developed 
by the Pennsylvania Smelting Co. Briefly, in unloading, each fifth or tenth shovel is 
reserved for sample, and this amount is further reduced by reserving each second or 
third shovel, making the final sample 1000 to 1200 lb. The net wet weight of this 
sample is taken and it is stored until it can be worked. On treating in a small kettle, 
the moisture and acid can be expelled, the separators, and other combustible matter 
burned, rejected metal picked out, the metal melted down and the fines (mostly lead 
oxides and sulfates) skimmed off without being slagged. ./Phe metal is cast into pigs, 
after a sample bar has been taken. The fines are coned and quartered to 40 lb., 
which goes to a copper mill, is riffled and the small sample sent to a disk grinder. 
These operations separate the large sample, at small cost, into metal, rejected metal 
and fines and determine the loss. The metal and fines are put into shape for accurate 
sampling and, with all weights available, composites representative of the lot can be 


made up in the laboratory for metal determinations. 
° 


E. Frrzparrick, New York, N. Y.—Mr. Wright says it is not necessary to take a 
sample of the slag from the clean metal melts, but we have found that we are taking 
a great chance if we discard any slag. When we first started melting these scraps, 
we did discard all the slag, but several times we threw away slag that afterwards was 
proved to contain 3 or 4 per cent. of copper. In the last few years, we have sampled 
and analyzed every slag. 

I agree with Mr. Wright that it is very much safer to grind the samples; there are 
likely to be some pieces of foreign metal present, such as steel or perhaps some lead. 
A 20-gm. sample cannot be homogeneous unless it is ground to pass a 20-mesh screen. 
That is our practice. 

Of course, theoretically, mill sampling of ashes and material of that kind is the 
best way, but we have proved that hand sampling is equally good; in fact, in some 
ways it is really better, because the taking of samples can be watched from the begin- 
ning to the end and there is no chance of contamination. We made some tests last 
year on brass ashes and skimmings. We took three of each, and, as a regular sample, 
selected every tenth shovelful; then as we went along we took every fifth shovelful 
and called that the duplicate sample. In working those samples down all the way 
through, they checked within 0.3 to 0.4 per cent. on the average.. That satisfied 
us very well on the hand sampling. 

One objection to the mill sampling is that the mill must be thoroughly cleaned 
after each milling, as there may be a large metallic portion of rich material in some of 
the corners which might be picked up in a later procedure. 


C. S. Wirnerett, New York, N. Y.—Referring to the seventh paragraph of the 
chapter on Melting Equipment and Practice, wherein the author says that “the 


‘drillings should be mixed carefully before bagging, but it is rarely necessary to grind 


them,” I wish to partly confirm and elaborate upon Mr. Fitzpatrick’s remarks. 

If the metal is not too hard and the A. M. bar is flat and not too thick, a sawdust 
sample, which is excellent, can be easily made; such sample seldom holds together as 
unground drillings frequently do, consequently a thorough mixture is easily obtainable 
without much extra preparation. The saw cuts should be equally spaded throughout 
the length of the bar and should extend exactly halfway across if it is desired to keep 
the A. M. bar intact. For lead and equally soft metals a hand sample-punch may be 
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used, in which event the punch should be driven an equal number of times from top 
and bottom of bar. 

Drilling is the favorite, fastest and most widely applicable method for sampling 
bars, pigs, cakes; ete. of metal harder than lead, but frequently, if the metal lacks 
brittleness, the drillings appear as spiral shavings which entangle with each other and 
thus prevent adequate mixing; under this condition grinding has decided advantages. 

As the author states, drillings should be taken from all portions of the bar; to insure 
this it is well to place the drillholes according to template, preferably with ‘“‘checker- — 
board” layout. This procedure is particularly advised for A. M. bars derived from 


non-alloying mixtures of metals which, consequently, are far from uniform in composi- — jf 


tion. A favorite size of drill is about 14 in.; larger sizes are slower and smaller sizes 
break easily. 

Grinding of copper-bullion drill samples is standard practice at all copper refineries. 
It is common to use a small grinder of disk or cone type, with chilled toothed grinding — 
surfaces designed to tear the product with little or no attrition when set sufficiently 
coarse. Usually the ground shavings are first produced in flake form, but, at least in 
one make of mill (the ‘“‘Hance”’ mill handled by The J. H. Day Co.) the flakes can be 
rolled up into fine shot by simply running the mill backward for the final pass. This 
will make a thoroughly mixed sample of such nature that the whole quantity ground 
can be accurately cut down and divided for the retained (bagged) samples, and also 
insures that the subsequent sample weighed out for laboratory determination is 
entirely representative of the whole drill sample produced. 

Due to the extreme segregation of the precious metals in copper bullion, it is 
common to grind the whole or aliquot part of the drill sample until all passes through 
a specified mesh (usually 20 mesh) and then to separate the fines that pass through a 
specified finer mesh (40 to 60); the coarse and fine parts are weighed separately and 
then may be proportioned accordingly on the analytical scale pan or may be assayed 
separately and the combined assay calculated. With metal devoid of precious metals, 
it would seldom be warranted to pass all of the retained sample through a specified 
mesh as described by Mr. Fitzpatrick; but if the A. M. bar contains slag or other friable 
matter it may be well to screen out the fines and handle in the same manner as is 
commonly done with copper bullion. 

A mill of the type mentioned is not costly and it requires only a few minutes and 
very little additional expense to put the drillings through the mill two or three times; 
the thorough mixing resulting therefrom would of itself warrant the extra manipulation, 


T. A. Wricut (written discussion).—The word “rarely,” to which Mr. Witherell 
alludes, was poorly chosen; although more of such drillings have been assayed ‘‘as is”’ 
than as ground. The author agrees with the principle: the thought in mind was that 
many lots of scrap weigh from 4 to 3 tons, which is a small amount on which to spend 
time or money that may not be justified. However, money spent in the preparation 
of samples may be returned with interest in the laboratory. 


F. F. Coucorp, New York, N. Y.—Are the samples always coned and 
quartered down? 


EK. Firzpatrrick.—Always. 


F. F. Corcorp.—Has the ridge method ever been tried instead of coning and 
quartering? In coning and quartering the sample, there is always the question as to 
whether the right amount of fines fall evenly throughout the cone and especially when 
the cone is worked down. Do you pull the apex one way or another? 

Years ago in the sampling of the silver ores from the Cobalt district, there was a 
difficulty in that much of the value was in rather coarse metallics. It was necessary 


- DISCUSSION 693 


to find a means that would prevent the throwing of the apex of the cone in one or 
another quarter. The so-called ridge method was therefore devised. 

The sample might be anything to start with; say a fifth of the original ore was 
taken out by shovel sample and piled in a ridge, then, starting at one end of the ridge, 
the material was shoveled to the right and to the left, forming two ridges. These 
ridges were thrown back into a single ridge, then one shovelful was thrown to the right 
and one to the left until the sample was halved. One of the halves was divided by the 
same method, giving two quarter samples. 


E. Frrzpatrrick.—I am afraid the metallic would be too coarse. 


T. A. Wriaut.—Secondary metals today are sold on a very narrow margin of 
profit and handled, as I see it and well believe, by the refinery on a very narrow 
margin, so that we try at all times to keep the sampling at a minimum cost. The slag 
question depends somewhat on the difference in practice; one refinery will add con- 
siderable flux, another will not. If an ordinary No. 2 wire or No. 2 copper, heavy, 
clean brass, or something like that, is taken to a copper refinery, because it has alumi- 
num in it and the brass foundry will not take it, our experience has been that the 
amount of slag is very small. 

I know the Nichols Copper Co. is very particular about the slag, and I have often 
wondered why the expense seemed justified, because I have seen cases in which the 
correction in the analysis was 0.07 and 0.08 of a per cent.; within the limits—far below 
the limits, at which a split could be made. 

In regard to grinding the drillings, I had in mind there also our experiments over a 
long period of time in the higher grade material in which we have been running 2-gm. 
portions against 40-gm. and finding excellent checks. 

As for the mill sample, I think that is something for the future to bring out as to 
its efficiency. I am mentioning it, but not endorsing it. I think it has possibilities, 
yet I think there are faults in regard to cleaning which complicate it. It is absolutely 
necessary for the large metallics to be taken out before the sample goes to the conveyor. 


C. O. Turem®, Detroit, Mich.—What is done in the refining, or rather in the 
analysis of terne plates and tin-plate drosses, particularly wet dross of which a sample 
is sent to the laboratories and washed through by decantation? How does the umpire 
or the referee analyst handle the soluble losses of the tin and how does he account 
for it? 

T. A. Wricu?.—That particular material is one of the things we dread to see come 
into the laboratory, and all too often we receive only a small sample, an 8-oz. bottle, 
or something like that. We try to get it down to a 2-qt. jar, which is mixed up in a 
sort of rule-of-thumb way in a big crock, stirred, and allowed to settle and decanted off. 
It must be evaporated down, which is a very tedious operation. We do not find 
much tin in the solution, as a rule, but tests should be made for it. 


Classification and Preparation of Non-ferrous Scrap 
Metals and Alloys 


By H. F. Srerrerr,* East Pirrspurau, Pa. 


(New York Meeting, February, 1928) 


Tue classification and preparation of non-ferrous scrap metals is a 
subject of interest to every individual and corporation that employs in its 
processes of manufacture non-ferrous metals and alloys and accumulates 
in such manufacture scrap from these materials for disposition in the form 
of turnings, borings, short ends, punchings, clippings, grindings, washings, 
etc. All too frequently the disposition of such scrap is left to individuals 
who have no knowledge of the subject either from a metallurgical or a 
commercial standpoint, or both. Much money is thus lost which with a 
little more intelligent effort might be saved, and in this day of fierce 
competition and small profits such an opportunity cannot be ignored. 

The Mineral Resources of the United States for the year 1925, the 
latest issue available (Part 1, page 221), gives the secondary non-ferrous 
metals of certain classes recovered in the United States for the year 1924 
to 1925 as shown in Table 1. ‘The figures are tabulated simply to give 
the reader some idea of the scope of the secondary non-ferrous 
metal industry. Approximately 900,000 tons of an annual value of 
$244,000,000 were recovered in the year cited. In 1916 (again using the 
Mineral Resources of the United States as authority) the tonnage reclaimed 
was approximately 632,000 tons and the value, because of the high prices 
for metals prevailing at that time, amounted to $265,000,000. 

It is not the purpose of this paper to discuss smelting and refining 
operations or the feasibility of an organization, primarily engaged in some 
other activity, conducting smelting and refining operations to convert its 
own non-ferrous scrap metals and alloys. The classification and prepara- 
tion of these non-ferrous materials is a preliminary step, regardless of 
what subsequent operations the material may pass through or where these 
operations may be conducted. For that reason the subject can be readily 
discussed without any reference to subsequent activities. 

Space must be provided, with suitable handling facilities, scales and 
the necessary storage bins where the material may be accumulated. The 
scope of the activity, the nature of the industry and the tonnage handled 
will determine, in a large measure, what preparation, if any, it may be 
desirable to give these scrap materials to put them in the best marketable 
condition. By preparation is meant largely what, for the want of a 
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better term, might be characterized as the mechanical preparation— 
such as the removal of insulation, oil, grease, etc., magnetic separation, 
baling for convenient handling and storage and operations of a similar 
nature. An alligator shear, a magnetic separator, a baling machine and a 
suitable outdoor space for the burning off of insulation, grease, etc., are 
very desirable additions to any salvage plant; although not absolutely 
essential if the tonnage is not sufficient or is not of a nature to justify 


this equipment. 
e 


TaBLE 1.—Some Secondary Non-ferrous Metals Recovered in the United 
States for the Year 1924-25 , 


Material Short Tons Value 
Copper, including that in alloys other than brass....| 250,600 $ 71,170,400 
ISTASABSCLAD) TEMOMG cere cee retacswcesaescsass| 242,800 56,270,800 
THD RG! ETA A ea Se ee 112,420 
(Den clausea loveseat: sich eke. dekotaets tee ee Mies «hae eae Seer 
SAANE BVO ELE Ae as eee Oo DO Se RE 61,430 
Zinc in alloys other than brass.................... ey ieee 
eee eee. ee thn Ve Jail, rn. | 7,950 
rye a Mbyihs Wark Sdcmleas Molec 208. | snr et 
OOS Tae) rs | 1 
PATIPTINO Ma EU CA OV Bor serrate vaser cuca “ions eo ah cucie enol 10,839 EM 
PATI murmmasiebeilecr: ee kicks ae eee tes en's salar cere « | 17,700 
NICATION LOVE Aa si ao cieta ne ae cee pte asl ess J aiecs> 26,300 ae 318,00) 
INGER TIRE Iie 2s Bae Pee Ge ae Ce cares 191 
INiekelsini non-ferrous, AUC VS... 21. 05 scree He cl 2,109 po Sie 

| 

LL cl eT IE ine eat ae ats deere oral 882/600 $243, 570,700 


| 
In an organization such as the electrical equipment business with 
which the writer is connected, the quantity of non-ferrous scrap materials 
is a large item involving considerable money value. The classification or 
grading is probably a little more elaborate than would ordinarily be 
required, because of the many different sources from which these non- 
ferrous scrap materials originate and because of the complexity of the 
electrical equipment industry. The plan has, however, stood the test of 
time and is given herewith in full simply as a matter of illustration. It 
can be simplified as conditions require and a suitable plan can be worked 
out for each activity. 
The classification grades, with brief descriptions and a column for the 
credit allowed (based, of course, on the market quotations) are 


given herewith. 


696 


prgdeny weet OE Peace 
a> QW ByOW 


ape 
leclng 


DAARDNPWWH 


PHYA SOHID 
PePPPrrrgo 


Ree 
Ler lee I 


14-A 


NON-FERROUS SCRAP METALS AND ALLOYS 


CLASSIFICATION GRADES or Scrap METAL 


Description 


Clean copper short ends, ete 
Clean copper tinned all over 
Brazed copper end ringB.....-.-- 2. -sserscecservcrscecerce 
Insulated tinned copper wire ar 
Molded commutator SCTAP....... 2c ccc c cee se ce rsssereserseeesenes 
Insulated clean copper WITC......... 0. ever e cc rer erste eerste esssenes 
Dirty copper Sweepings, WiT€........- cece cree etre reece teense eens 
Bare copper-tinned OndS.....46600 once ves esta ce cena nae ne nua sige 
Insulated copper-tinned) Ends wag cs ss axe wns see oe oe ne nes mn e aP 
Heavy copper turnings, .. 25.0200 6 cc no ele one vlese oo rina nem wa aenieiniae 
Fine copper millingary ...c<ltcs irs bale oie «yore als) d a sanls abe wy siate ye ola) ¢iele 21s 6 mapa 
Copper turnings—Serial 55797. ........2..cceecee essen eens encsecnee 
Copper-oxide scale .-.ian.,BOta te oe ory ole otc Dake curds Sables pee sie ee ne nie 
Copper sulfate(blucstone) sc. 0. aie cleris =: chore ets + Melt apm inin elaine ese ai seels 
Sheet brass and short ends..... re 
¥V cllow-brass. (Uris ois .ciss, 0 re coe cle nie ites’ etasue 

Heavy-sheet. rotor Drass....02 06 <s00 sss ea siesse tir ose sis 5 biel sla sails! 
Yeellow«brasai 8 Wee pin gp ia sii severe o ve torere er ilienatee aired avatars ate ale heletO aailnr ian a eerain ts 
Mixed brass turnings with aluminum... .....-. 0-6 -sscecseescsceecss 
« 2 alloy. turnings Se sceo.s, ecue vide ds alone nace ine Rate rie the Rett ok 
INGi3 alloy Carningss og closets ciate aiiale le Deke alele aa tile leinis Sinais trie SB akon 
INO: 4 alloy turninigs's> se Five steyacs'y odin ses dita pss Gaia plete wee el Megaie ae sraaeeis 
Non alloy GurniIn Say. on terton foe ce thee re brates 6 x a rae erated nares came lcemaes 
Nov.6ialloy-turnin gai. ci; wal. detregna eis i venerensis etaln ayia saahalg siege ser sale 
INOS alloy turningace cd. ac crore mainte ae elec cent ae) ciao alelacats ce eile aa rete 
No: 226 ‘alloy tunitin 284.4. o-<tomaieisia.o soni bh tebe = ea ral ona ts eae ea 
No.“ 3t alloy tukrningst 30. occ ack ou eee se cee S ee ee vats le 59a Nese Ones 
Brazing speélteridrossjand. shoriendsi.. wens «pies eines Cele ies eens eset 
Low=tin mixed brass turnings: . seo. alec vite oe oie sarees sis eel et oto ayant 
High-tin mixe dubraps iturin wae aesiarec.ocreva autem ae eivgs  eneare eae 
Dirty sheet brassy ete s,s snes 60.4 © creme tease CEL a > Geta ae ee ae 
Phosphor-bronze solid scrap 
Phosphor-bronze turnings 
No. 7 alloy turnings 
ING. Oalloy Girne, oon crete nuckos- wre pos a w a rkobte are eaeie aig avete oa wal ate meee ae 
Clean sheet-zine scrap 
Dirty sheet-zince'serap.;..+. ks e Oe ve ot he eins ee RE eee 
Misc. mixed brass castings 
Fine die-casting cuttings 
Pine die-casting droas «, «:.),cldcckow enn panies s ee see see eee 
Now 27 ‘alloy Beran GARtINgsil, «ences case © Bere 410 ae siete Me erate tee eee 
No. 28.alloy scrap eastinze—cleanss sass cle cate kisi cei seme tae rere 
No. 28’ alloy scrap castings—dirty. cc 2.) occ oat cea ee emer 
Heavy die-casting dross angotc.ocaec: sy nme semias ees ee ee el eee 
Scrap lead 
Lead:and. seventeen. alloy: dross. tcc<cnwe Gs-c hin» ke cee hee Sahn ents 
Sorap battery lead stn ss See cae ie Gade cee © Oona OneTnemene he ee eres 
Serap Nos docalloyes awer sie 
Scrap lead foil 
Pure’ tim dross l £.6 acts cb p.ctalm sen Sitwin cous le cokes hae oven oan ee eee 
Nickel-sheet ‘Sorapis yyesc ce oe se uicu wie teiere > Mem crete: Rie oene eae ee 
RA alloy scrap castings 
Good scrap aluminum 
Aluminum: turnings; hes as cee ce se pceetet Een bint eee 
Mixed: aluminumaGurmingsy jemi 0 ocireveters ere octet ne oe eee eee eel 
PAlibisbh hits loo): OEM en yen, ae PE ae ee koe 
INOW alloy scrap Darin EN Tees ators oes cere ete meee eee eee 
IN.0., 14 allow, dr O88) dsp sueuiksis Bus ssccyteeice urerc tar rei cae eich ce iene eee 
Heavy solder dross 
Light, solder drose.ic4,, aacsrare» tule ianele sees cobaier ois RE cca eee a 
No; 25‘alloy SOG sGrap... cere Phe te ee cen ee ee eee 
Clean No. 25 alloy turnings 
No: 25 Alloy GrOshiis. scence Mee mete te eRe eee eee nee 
No. 25 alloy turnings with iron 
Foundry washimgercrcrn erste s suk Geis catlie ca ters cee mente eee 
Heavy foundry serapi cc scpis ses.tein ihe Te incre tae eee 
No. 1 emery grindings 
Nd. 2 emery, grindingsi 2. cturosesce teh te rete hie ean ae ea 
Mixed eméry grindings..--s+. cee csc cee ee re mene meen 
Electrotype metal scrap 
German-silver scrap 
Monel-metal scrap 


Z 
° 


Tinned sheet steel scrap 
Manganese copper scrap 


Credit Allowed 
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CLASSIFICATION GRADES or ScRAP Merau.—(Continued) 


Description Credit Allowed 

68 Mixed lead and tin babbitt turnings..........0...0..c0ccccceeccecc. 
30-A Nigkeliwire irom radio bulbs. ode astoe hens. edin cc kine deat. 
33-B Aluminurmttonlehe, Ma otter sae mela ch Sen | ES ee CE NS eee! 
69 Doma eNO OU0l nora oe eee ee ae eae fe re ee ee mae fe 
46-A Monelemotal turninen scent Stet bccn aun baad eo 

1-A No. 1—No. 29-No. 30 alloy scrap castings............................ 

7 INoiaralloy scrapsoastingstht shies sabhs el call ee sce al we tek. betel 

8 Nomovallowiacrarmoastiniaer et tert te ca pen eee Nae, Seer CE 

9 INGX4 allay scrap cantinanes jaye megs ere caine Pe Pi ea onl 
10 INoforalloy Borap castings, Sno. oes tah ounces Mia een mies 
1l INowGrallay: Kora pGAaskingectAt foment eines ER foro thee me, thd Se ake 
12 INO DS allo yinvraprOAsGinee ss a see eet, eas ke ae eee 
13 INow2blalloy mera plonntingst See tye, een Pat oo nk ante She oendoee 
14 Noes Lealloyncrapicastinene, fea a ee eet ad ae A 
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It is, of course, one object of the classification plan to segregate, and 
to keep segregated, materials that depreciate in value when mixed, and 
frequently are rendered almost useless. Every secondary smelter knows, 
for example, the very deleterious effects of aluminum in brass, and the 
importance, among other things, of keeping aluminum turnings clean in 
order that maximum recovery may be obtained from the subsequent 
melting operation—so clean, in fact, that it is frequently customary to 
treat such aluminum turnings with gasoline to remove oil, grease and 
other foreign substances. The writer has in mind a babbitting activity, 
where in addition to a large volume of tin-base babbitting some lead-base 
babbitt work was being done from time to time. It wasalmost impossible 
to maintain the proper segregation of the turnings, drosses, etc., of the 
two materials—so much so that it was found profitable to substitute tin- 
base babbitt for the lead-base babbitt, simply to avoid contamination in 
the drosses, skimmings and turnings. ict 

Some years ago the writer had occasion to melt some grindings from 
the grinding-wheel operations in a brass foundry. These grindings were 
different than any heretofore received, in that the yield was much lower 
and it was extremely difficult to melt them at all even after considerable 
heat application It was discovered that the exhaust from a recent 
sand-blast barrel installation was connected to the exhaust from these 


grinding wheels, with the result that much fine silica was introduced 


into the grindings, making the tonnage handled unduly large for the yield 
obtained and increasing the time of the process considerably because of 
the infusibility of the silica. The simple expedient of connecting the 
exhaust of this barrel with the exhaust fan of the remainder of the 
sand-blast equipment corrected the conditions. Many similar condi- 
tions and experiences might be mentioned. 

The classification plan assigns each material its proper place and per- 
mits the cost clerk to assign the credit to the manufacturing department 
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where it belongs. When a penalty is exacted in the form of lower credit 
value for inferior grades of ‘material, effort is soon made to rectify 
the condition. 

It is impossible to expect the foreman in iba manufacturing section 
or the man at the tool to possess much knowledge of the secondary-metal 
business or the values involved. For that reason the individual in charge 
of the reclamation work, or salvage department, as it is frequently called, . 
must carry on an educational campaign among the foremen, group 
leaders and others in the manufacturing departments in the activity 
in which he is particularly interested. This he can best do by personal 
contact from day to day and week to week. A logical place for segrega- 
tion of materials is at the machine tools where they are produced, and 
frequently that is the only place where such segregation can be accom- 
plished. Hence the necessity for instructing the men in the manufactur- 
ing departments and the desirability of the overseer of this salvage work 
being in close contact with the manufacturing activities. This is quite 
essential to the success of proper classification, but once inaugurated and 
functioning, it requires little effort other than general supervision. Even 
in a large plant handling a very considerable tonnage from many different 
points of origin, it operates with simplicity and dispatch. 

Suitable containers in the form of tote pans, cans, etc., must be pro- 
vided in the manufacturing departments in which the scrap is deposited 
as made. . When these are full they are shipped to the reclamation depart- 
ment with a tag attached specifying the department from which shipped, 
the grade number as indicated on the classification schedule if the grade 
is known, and the reason for scrapping. On receipt at the salvage 
department, the grade is recorded on the tag, or checked to be certain that 
it is correct if the department from which the material was shipped filled 
out this item of information. It is essential that the man performing this 
work should have a thorough knowledge of the job and the various 
activities throughout the organization which contribute scrap non-ferrous 
metals to the salvage department for reclamation. The gross, tare and 
net weights are also recorded on the tag and the latter then turned over 
to the cost clerk for pricing, in order that proper credit may be extended 
to the section sending in the material. Having the weight and the proper 
classification and the credit per pound allowed for any particular period of 
time, it is, of course, a simple matter to extend the credit on any particular 
lot or ahi arent 

The removal of insulation is generally desirable because in any sale of 
scrap material insulation must be allowed for; in any case the insulation 
must be removed sooner or later if the copper is to be used in the form of 
copper bales. The baling of scrap metals is often desirable in order that 
handling and shipment may be simplified and expedited and where the 
tonnage is of sufficient volume baling equipment pays. A magnetic 
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separator is often a profitable investment for the removal of iron from 
turnings and borings, as by this simple operation it frequently puts such 
turnings and borings into good merchantable condition at a minimum of 
cost. An alligator shear costs comparatively little but performs much 
useful work in a variety of ways. Not only is it used to cut up material 
of all types and shapes into pieces convenient to handle but scrap stock 
can frequently be utilized to much better advantage if objectionable 
pieces or appendages can be readily removed. ,Tinned or soldered ends 
on otherwise good electrolytic copper is an illustration. Suspension 
castings and fittings on otherwise clean electrolytic copper scrap in the 
form of trolley wire is another example.» Many more such instances 
might be cited. 

The classification and preparation of non-ferrous scrap metals and 
alloys is not a difficult task—in fact, it is a very simple one. Because of 
the value of the materials involved, the desire to get maximum salvage 
value out of them and the opportunity afforded for handling the activity 
on the same basis that any other activity in the plant might be conducted, 
the subject is worthy of the attention and consideration of every shop 
executive using non-ferrous metals and alloys and having salvage of these 
materials to contend with. 


Modern Non-ferrous Secondary Metal Producer 


By Don C. Buackmar,* Derroir, Micu. 


(New York Meeting, February, 1928) 


Tue production of non-ferrous secondary metals has become a large 
and important industry in the United States, and deals with practically 
every type of manufacturing concern. Its business is unique in that it 
generally buys from its customers as well as sells to them, whether they 
are individuals, cities, corporations, or the United States government. 
Its operations are of vital importance to the success and prosperity of 
many of the nation’s most important manufacturers; yet there are few 
industries about which less is generally known by those outside it, whether 
concerning the magnitude of its operations or the details of its 
actual technique. 

The industry itself is to blame for this meager publicity, because its 
technical men have made few attempts to openly exchange ideas, in 
spite of the excellent examples set by the iron and steel or the copper and 
brass industries. Whether this is due to the ancient shroud of secrecy 
generally supposed to cover smelting operations, or because its technical 
men actually felt that the industry was too puny to be interesting, is 
hard to say. 

This paper will consider its subject in a general way, attempting to 
show something of the size and importance of the industry, as well as its 
fitness to do its work well. Attention will be called to the sound economic 
reasons for the handling of non-ferrous wastes by specialists, and to the 
often unseen losses of metals and labor which occur when manufacturers 
reclaim their own metallic wastes. 


MAGNITUDE OF THE Mopgrrn INDUSTRY 


No particular thought is given to the kitchen accident whereby a 
ruined saucepan is sorrowfully tossed into the ash can, yet it is a fairly 
safe guess that within a month this saucepan, together with hundreds of 
its fellows, will again be in service, perhaps in an automobile crankcase, 
or in an electric vacuum sweeper. It is by this conversion of the useless 
into the useful, whether from home or large manufacturer, that the 
secondary tonnage is built up. 


* Superintendent and Metallurgist, Great Western Smelting & Refining Branch 
Federated Metals Corporation. 
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Table 1 shows the production of the important non-ferrous secondary 
metals for the year 1925. It was compiled from the figures of the U. S. 
Geological Survey and the American Bureau of Metal Statistics, as 
published in the 1927 edition of Metal Statistics of the American 
Metal Market. 


TABLE 1.—Recovery of Non-ferrous Metals in the United States during the 
Year 1925 


APPROXIMATE 


Pounpbs PouNnbDs AVERAGE VALUE 
Copper: recovered as ingot............. 367,400,000 -, 
Recovered in alloys not brass......... 133,800,000 ~ 
Recovered in brass scrap............. 339,220,000 
Total secondary copper production... . 840,420,000 $115,305,624 
This is about 50 per cent. of the 1925 primary production. 
SLITMTOCOVETCOLAS PIP «oe asi +s 2 205 sig sis 15,900,000 
RECOVErEO In ALOYS 4. - dee eee sss see 46,000,000 
Total secondary tin production........ 61,900,000 $ 35,165,400 
This is about 41 per cent. of tin deliveries in U. S. 1925. 
Lead: recovered as pig...........2....- 224,840,000 
Recovered alloys nse acs oss tee 228,920,000 
Total secondary lead production...... 453,760,000 $ 36,300,800 
This is about 34 per cent. of the 1925 primary production. 
Zinc: recovered by redistilling........... 78,862,000 
Recovered by remelting scrap........ 44,498,000 
Recovered in brass scrap.........--- 106,600,000 
Recovered in alloys not brass........ 26,600,000 
Total secondary zine production....... 256,060,000 $ 15,363,600 
This is about 22 per cent. of the 1925 primary zine production. 
Aluminum: recovered as pig........-.-- 35,400,000 
liny lO Sacceee ee aoe ASE oom 52,600,000 


Total secondary aluminum production. 88,000,000 $ 17,600,000 
This is about 42 per cent. of the 1925 primary production. 
Antimony recovered in alloys.......---- 21,680,000 : 
This is about 100 per cent. of the 1925 
antimony imports........----+++:-- 
Total secondary copper, tin, lead, zinc, 
aluminum and antimony........----- 


21,680,000 $ 2,168,000 


1,721,820,000 $221,903,424 


The year 1925 was uneventful and fairly typical of a normal prosperous 
period. The weights in the table, therefore, may be considered repre- 
sentative, although their accuracy may be open to some question as to 
completeness, since they are compiled largely from questionnaires. The 
figures may be very misleading without some study, because as far as 
possible they represent all secondary metals recovered or reused, whether 
by metal-goods manufacturers of all kinds, or by smelters strictly. This 
secondary metal is working capital, or metal in constant circulation, and 
the tonnage remains fairly constant from year to year. Only huge 
exports of scrap, or a very bad business depression can cause any particu- 
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lar decrease in this tonnage during one year, while a marked increase in 
tonnage will be found for any 5-yr. or 10-yr. period. 

At first thought, it might appear rather startling to the primary-copper 
producers to know that the secondary production is almost half their own 
production. However, this tonnage can hardly be considered competi- 
tive, as it occupies a more or less fixed domain, not ever to be replaced 
by primary metal. Surely no one would be so unwise as to wish this 
situation to be different, because it is only by recovering all the secondary 
metals possible that the laws of supply and demand can be satisfied in 
years to come. ‘There is no doubt that the secondary production stabi- 
lizes metal prices to a certain degree, and in so doing prevents excess 
profits and incites research among present-day primary producers to 
decrease costs. There is no argument as to the economic value of the 
producer and user of secondary metals. 


CLASSIFICATION OF PRODUCERS 


The producers of non-ferrous secondary metals may’ be roughly 
divided into four classes, as follows: 

(1) Large centralized smelters handling but one class of material, 
such as copper-bearing residues in carload lots. Their practice parallels 
the primary producers almost exactly. 

(2) Large smelters, scrap buyers and sellers, handling anything non- 
ferrous from 5 tons up. 

(3) Large manufacturers who rerun some of their own scrap, but sell 
considerable tonnage to classes 2 or 4. 

(4) Small dealers who buy and sell in comparatively small quantities, 
selling mostly to class 2. It is to producers in class 2 that this paper 
refers especially, and subsequent description will consider only this class. 


Sourcres or “Raw” MATERIALS 


To successfully operate a large secondary smelter handling every 
non-ferrous base metal and alloy requires considerable capital and 
shrewd management. The stocks carried must be large, stored so as to 
be instantly available, and yet not hamper the continual daily turnover 
of the more merchantable metals. The equipment for handling the 
materials must be modern and sufficient, flexible, but not automatic, 
because of the extreme diversity of the materials. The raw materials, or 
waste metals, are derived by purchase from every type of industry using 
non-ferrous metals, and from other smelters or smaller dealers, as in 
class 4. Automotive industries, plumbers and printers, large electrical 
manufacturers and producers of canned milk, represent some contrasts in 
potential customers. It is to the small dealers, of course, that the con- 
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stant stream of household and small business scrap comes. They roughly 
assort this material, and sell to the smelters. 


MeETAL SortING 


The classification or sorting of the metals received by the smelters is a 
highly complex task, and the most expensive single operation. The 
average plant will use about 135 different class names for lots into which 
the metals are sorted. Each class may be btit the name of a group 
consisting actually of several lots. Thus a typical inventory will show 
about 250 different stock items, including new and virgin metals. The 
yellow brasses offer the best example of the complexity of sorting; Table 
2 shows the classes made necessary to obtain the maximum profit from 
miscellaneous purchases of these materials. 


TaBLE 2.—Sorting and Storage Classifications for Yellow Brass 


Number 1 brass tubes. Gaskets. 

Number 1 brass pipe. Mixed small clippings (soldered or plated). 
Clean nickel-plated tubes Yellow brass faucets. 

Soldered brass tubes and clips. Number 1 high yellow cast scrap. 
Number 1 brass clippings. Aluminum brass cast scrap. 

Leaded brass clippings. Brazing spelter scrap. 

Medium brass. Number 1 manganese bronze cast scrap. 
Light brass. Manganese bronze cast turnings. 

Old rolled brass. Number 1 yellow rod turnings. 

Leaded brass rod ends. Yellow cast brass turnings. 

Automobile radiators. Yellow brass grindings. 

Rifle shells. Yellow brass furnace residues. 
Tableware (nickel and silver plated). Yellow brass with iron. 


Each of these classes has an obvious or necessary reason for segrega- 
tion. Some find ready sale back to brass-rolling mills, but the sorting 
must be perfect and the materials clean and new. Foundries take some 
classes for castings. The remainder go to manufacture yellow brass and 
the low-copper red-brass ingots. 

The actual sorting of such materials is a combination of knowledge of 
the source, observation of color and shape, and laboratory tests. Large 
shipments of uniform materials offer no difficulties. Mixed lots must be 
screened through a coarse riddle, hand picked, and magneted. The hand 
sorting may be done while screening, and heavy brass wire riddles are 
used so that no interference is offered to using hand magnets. Screenings, 
borings, and small scrap are machine magneted, specially built double- 
belt pick-up machines being most efficient. The first or upper magnetic 
pulley of these machines is wound so as to cause the pieces of iron to 
reverse ends while moving to the upper belt. This shakes off any non- 
magnetic material, which might become tangled in the iron, and takes out 
practically 100 per cent. clean iron. The second magnet completes the 
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work, so that reasonably dry material may be considered iron-free after 
magneting on this type of machine. After sorting and magneting, sheet — 
clippings, wire, ete., are bricked in a hydraulic press to convenient size. — 
Certain classes are pressed into bales weighing around 1000 lb. and are 
wired and wrapped in burlap for convenient shipping. Other materials 
are stocked in bins according to class. 

Other groups of waste materials which are treated according to the 
same general scheme include copper, red brass, babbitt, solder, typemet- 
als, lead, tin, zine, zinc-base die cast, nickel-bearing alloys, and aluminum. 
Any one or all of these materials may be found in receipts of a few hundred 
pounds or a carload. The sorters differentiate between several grades of 
red and yellow brass by color and fracture. Files and scrapers are used 
on dirty, painted or plated pieces to show color, and every casting must 
be closely examined for. iron screws and other harmful materials. 

Long experience and a wide knowledge of the current commercial 
practice and use of metals in every trade are the most valuable assets to 
supervisors of sorting. It is vitally important, for example, to know what 
type of casting will probably be aluminum bronze, therefore all gears, 
welding-machine parts, acid-tank rods and paper-mill pipe fittings, 
plating baskets, ete. are regarded with utmost suspicion. Manganese 
bronze may also be recognized by the type of casting. Different grades 
of sheet-metal clippings may be identified by similar knowledge, coupled 
with color and fracture tests. The aluminum-sheet and extruded-shape 
wastes are becoming complicated due to use of alloys, but by recognizing 
the purpose and knowing the source, together with hardness and bending 
tests, a very close grading is accomplished. Rapid laboratory tests are 
constantly made to check and establish precedents for materials of 
uncertain antecedents. The sorters use the specific gravity balance to 
check solders and other soft white metals, as well as melting and pouring 
tests, whereby the set of a small bar discloses the difference between a 
type metal and a similar composition of lead-base alloy containing copper. 

The sorting of copper scrap presents no special difficulties. Elimina- 
tion of iron, segregation of tinned and soldered clips and wire, bronze 
alloys, ete., are fairly easy. Common sense, knowledge of uses of metals 
and laboratory tests, make it possible to grade all these materials vel, 
precisely. Where there is any doubt as to exactness in sorting, the lower 
grade is selected, or else the material goes to furnace charges, 

Residues, which include all skimmings, drosses, ashes, etc., are almost 
wholly classified by assay or chemical analysis. The laboratory tests 
show the percentage metallic, analysis of metallic, acid content (chlorine), 
iron, sulfur, aluminum, silica, etc. These elements are considered in 
smelting to avoid unnecessary losses. While drosses are not exactly 
sorted, it is at times economical to screen and magnet some classes. so 
that with the fines and iron removed, contaminants may be easily nicen 
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out. Examples of this are solder sweepings from automobile-radiator 
manufacturers, which may contain brass tubes, and electrotype dross 
containing copper trimmings. 


PRODUCTION OF SECONDARY METALS AND ALLOYS 


With the large metal stocks carried by the modern smelter correctly 
graded, cleaned, and stored, it is obvious that the manufacture of any 
required metal or alloy ingot, pig, or bar, consists first of the proper 
selection of materials and then the application of the correct metallurgical 
principles to their smelting and refining. It is because of these diversified 
stocks that it is possible to produce metals and* alloys economically, so 
that they may be sold at or below the new metal-market value. The fact 
that these alloys may be 100 per cent. secondary is no cause for alarm or 
censure. The ores from which many virgin metals are produced contain 
impurities far more harmful to the metal than will be found in the average 
run of scrap metals. Yet the primary smelters produce, from impure 
ores, virgin metals of high purity, which, properly used, will answer any 
modern commercial requirements. Is it not reasonable to expect that 
the secondary smelters have devised methods for removing harmful 
impurities from secondary metals and alloys, so that their finished product 


_ will also answer any modern commercial requirements? ‘This is the 


function of the modern secondary smelter: to market scrap that is fit 
for reuse without further treatment, and to so treat unfit material that it 
will be usable. 


Copper INGOT 


The production of secondary copper ingot, known as casting copper, 
is the oldest art in the secondary industry. The improvements in 
modern practice are largely mechanical. The materials used come from 
every industrial user of copper in any form, and every type of pure copper 
scrap goes to make up furnace charges. Furnace practice is almost 
identical with lake copper furnace practice, impurities being removed 
by blowing, and deoxidization accomplished by poling. A copper ingot 
having a minimum purity of 99.75 per cent. copper with a correct pitch 
is the ultimate product. Mechanical casting devices with molds dumping 
the ingots into water, to be carried by conveyors to weighing buggies, 
are universally used. The product is a standard commercial article of 
good repute. 


Brass AND Bronze INGOT 


To manufacture brass and bronze ingot the modern smelter melts in 
oil-fired reverberatory furnaces up to 60,000 Ib. capacity. Some kinds 
of yellow-brass ingot and nickel-brass alloys are still made in large 
crucibles, coke or oil-fired, because of the constant puddling required to 
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melt light scrap without high losses. Charges for red ingot are made up — 
from borings, cast scrap, bronze and copper clips and wire, and stock ingot. — 
The charges for refined red ingot are carefully computed and weighed 


before loading the furnace. During the smelting operation impurities |) 


are removed by oxidization and the use of common fluxes. Deoxidization _ 
is accomplished by poling and the use of metallic deoxidizers. After — 
treatment, the molten metal is protected by flux coverings and the 
analysis checked before pouring. Mechanical or semi-mechanical pour- 
off devices are employed, and the hot ingots are generally dumped into a 
water-cooled bosh, to be removed by conveyors or by hand to weighing 
buggies. Ingot from properly controlled reverberatory charges will give 
the maximum physical properties to castings made from it. There is no 
reason why virgin metals should not give the same properties, but it is 
common knowledge among foundrymen that few melters can mix virgin 
metals for certain alloys and obtain maximum properties on the 
first pouring. 


Wuitrt Merats or Sort ALLoyYs 


The production of finished white metals,—babbitts, solders, typemetals, 
antimonial lead, plumber’s lead, ete., is generally accomplished by 
remelting refined stock pigs of known analysis, adding the necessary new 
metals, and pouring into the required shapes. Pigs weighing from 25 to 
100 lb., 5 to 15-lb. plain or notch bars, 14 to 114-lb. solder bars, are among 
the common shapes. These molds are generally water-cooled, and the 
smaller bars are poured two to eight at a time by multiple-spout ladles, 
the casters becoming very adept at this neat work. The stock pigs used 
for white metals are derived from graded scrap, skimmings and drosses. 
Borings, bearings, castings, solder joints, etc., are sweated or melted in 
large quantities. Impurities are removed from the molten metals in 
iron kettles holding up to 100,000 lb., by oxidization, which may be 
accomplished by blowing or mechanical agitation, by sulfuring, or by 
other treatment depending on the impurities to be removed. Impurities 
in some alloys are required ingredients in others, so that considerable 
economy is developed by close supervision over the classes of materials 
to be refined. 

Skimmings and drosses are reduced in reverberatory furnaces at high 
temperature with suitable fluxes. The resulting metal is tapped into a 
holding kettle and pigged out. The slags from rich drosses are rerun with _ 
other drosses, and mattes are sometimes produced which are again smelted 
in cupolas. The pigs from dross furnaces are sweated or liquated in 
sweat furnaces with close temperature control, the constituents of lower 
melting point running into holding kettles, to be pigged out. These 
pigs are then kettle refined with the scrap materials as described above, 
becoming refined stock pig. The constituents of higher melting point 
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left in the sweat furnaces, generally rich in copper, iron and zinc, are 
taken out as slush pigs, to be rerun with other dresses. The desired 
result here is concentration in two directions, a rapid turnover into good 
alloy stock pig immediately usable, and a slower building up of material of 
high copper content from the cupola. 


ZINC AND ZINC-BASE ALLOYS 


The production of remelted zinc consists ofemelting properly graded 
new zinc clippings, cans, covers, linings, etc., in iron pots, cleansing with 
sal ammoniac, and pouring into slabs or notch bars. Iron, tin and lead 
are the usual impurities, but the average zinc content will be close to 99 
per cent. where the sorting of scrap is carefully done, and the charges 
well proportioned. Zinc-base die-cast scrap is melted and treated in the 
same way, stock pigs being produced, which, if used for making up die- 
casting alloys, require large quantities of virgin zinc to reduce the con- 
stituents to the close limits required by the users. As a result, there is 
constantly an excess of die-cast scrap stocks, there being very little use 
for such mixed compositions containing several per cent. each of copper, 
aluminum, tin, 0.5 per cent. lead, balance zinc. The value of die-cast 
zine scrap and residues is consequently very low, and will continue so 
until some demand is developed for these mixed alloys, or until all zinc- 
base die castings are made from the same specification by all die casters. 

The residue from melting zine scrap and from the industrial use of zine 
alloys are not usually smelted by the class 2 smelter, but are shipped to a 
class 1 smelter handling only such materials. There they are treated 
in the way used for zinc ores, the metal being recovered by retorting. 
Practically all these smelters are in the districts of primary zinc smelting. 


ALUMINUM 


The production of secondary aluminum is still a comparatively new 
branch of the smelting industry. The modern tendency is toward melt- 
ing in large reverberatory furnaces up to 20,000-Ib. capacity, using salt 
and cryolite mixtures as flux or cover. Because aluminum oxide or dross 
is not reduced by fluxes in smelting operations, the problems are prin- 
cipally the prevention of its formation. By properly proportioning 
charges of borings, castings, stock ingot made from skimmings, screenings, 
and pure clippings, a No. 12 remelt ingot is produced. Special alloys to 
closer specifications are made from new sheet clippings with additions of 
copper, silicon, nickel, etc., as the case may be. Such alloys are likely 
to have superior sand-casting qualities and better physical properties 
than the same compositions made from some virgin ingot aluminum. 
This is probably because pure rolled and extruded shapes which have 
passed the manufacturers’ inspection will be purer and contain less 
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dissolved oxides and gases than some virgin ingot which has not been 
remelted. The class 2 smelter generally makes small quantities of these 
special alloys in iron pots holding from 300 to 1200 lb., to avoid excessive — 
melting losses. A large proportion of the class 2 eGR RE: s aluminum — 
sales consists of scrap for remelting purposes. The principal classés 
sold are clean new castings, bricked pure sheet clippings, cut molding — 
and extruded shapes, pistons, and some alloy sheet and forgings. 

The art of recovering metal from aluminum residues has not made 
much progress in the smelting industry. The procedure is to remove all 
possible oxide and dirt by dry crushing and screening, remove free iron 
by magneting, and melt the resulting metallic lumps and screenings 
under heavy salt and eryolite flux cover in a reverberatory furnace. The 
fines screened out have a very limited use and represent a total loss of 
aluminum content, as they are generally discarded for want of a paying 
recovery process. 


IMPORTANCE OF LABORATORY 


The smelter laboratory must necessarily be a very competent depart- 
ment. The routine work is largely rapid analyses of all non-ferrous 
alloys. Furnace and large kettle charges are held molten waiting to pour 
off, while the composition is checked. Purchased materials, stock pigs 
and special alloys require complete analysis. Methods for assaying 
every known non-ferrous residue must be devised, and some of these are 
of startling complexity. Physical tests are also part of the routine, and 
the microscope is used to examine metals and alloys for oxides, foreign 
inclusions, and segregation. The laboratory is also part of the service 
extended to customers, who are invited to send in samples for analysis, or 
problems for aid and advice. These problems may include foundry 
practice in brass, aluminum, aluminum bronze, or monel metal, sand 
testing, soldering, babbitting, die casting, corrosion, machining, or 
anything in any non-ferrous industry. Reports to customers are gener- 
ally accompanied by photomicrographs if the problem requires them. 


CONCLUSION 


Constant economy is necessary if the modern non-ferrous smelter is to 
succeed. This is actually realized by continual close supervision, obser- 
vation, and constant seeking and testing of new ideas. Experience has 
shown where losses are greatest, and they can be very serious even though 
not at all apparent to the untrained eye. An example of this is volatiliza- 
tion loss, which is reduced to a minimum by recovering the metals in 
fumes from all the smelting furnaces in Cottrell electric-precipitation 
installations. The precipitates are principally mixtures of zine, tin, 
and lead oxides, and after removing the zinc, the other oxides are again 
charged to the dross furnaces. 
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A similar example of cost reduction consists of so preparing furnace 
slags that they may be sold for use in other industries. Even the alu- 
minum-oxide screenings find occasional users in the chemical or oil- 
refining industries. Silverplated tableware and other silver-bearing 
scrap are carefully segregated and sold to refineries. Special processes are 
constantly devised for separating mixed wastes, such as those produced 
in the automotive industry, where borings from babbitt, brass, iron, wood, 
aluminum, solder, and zinc, may be mixed in ayy combination of two or 
three metals, and possibly soaked in oil. 

The industrial plant that attempts to recover its own non-ferrous 
waste materials would do well to ascertain if its operations are really 
profitable. Very often the industrial plant obtains several products from 
attempted salvage of a given item; one high grade, for re-use; the rest, 
too low grade to bring much revenue when sold. If the uncontrolled 
losses, high labor costs due to lack of experience, and depreciation in 
value of the low-grade material, which must finally be sold, are all 
considered, it would probably be discovered that the operations show 
no profit whatever, or even considerable loss. 

The secondary smelters are paying more today for non-ferrous wastes 
of all kinds than ever before, and selling high-grade products on a much 
closer margin than formerly. There can be but one answer: that the 
modern secondary producer is efficient and economical, and is recovering 
everything recoverable—getting all the value possible out of all the 
material handled. 


DISCUSSION 


E. R. Darsy, Toledo, Ohio.—There is one point which I think is very important: 
A great many of us are attempting to recover our own waste; perhaps we are doing it 
correctly and perhaps we are not. If we are not doing it correctly it would probably 
be of more economic importance to the country at large to sell it to the 
secondary smelters. 


C. O. Tuteme, Detroit, Mich.—As a representative of a smelter, it is not my 
intention even to intimate that there are not men who are capable of properly refining 
their own scrap, but it seems to me that the biggest point to be brought out is that the 
smaller plants must maintain special equipment to properly refine their scrap. In 
our own plant, it is necessary to group certain classifications of materials and to mix 
certain drosses to get the highest maximum recovery. 


G. H. Cramer, Philadelphia, Pa.—Some time ago there was organized a com- 
mittee for suggesting ways and means for promoting the usefulness of the A. SE Dy IE 
work, one function of the Committee being to bring to the attention of the public the 
A. 8S. T. M. specifications and attempt to promote their wider use. Secretary War- 
wick invited me to write an article for publication in the bulletin on that subject, and 
it occurred to me that one of the ways in which to promote the usefulness of the 
A. S. T. M. work was to use the specifications.as a basis for market quotations. 
With that in mind, I looked over the manner in which the trade papers were quoting 


on ingot metals. I found that they were describing the products on which they were 
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basing their quotations in a very crude and unsatisfactory manner. For example, in 
their description of No. 1 composition (as it is known in the trade) they simply refer 
to it as “85-5-5-5.” There was no indication as to what the figures refer to. Of 
course, we in the trade know that it means 85 copper, 5 tin, 5 lead, and 5 zine. There 
is no limit given for the constituents plus or minus, and no indication of what the 


impurities might be and their limitations. In general, the description was, to say | 


the least, decidedly loose. The same thing held true of 88-10-2, 80-10-10 and so on. 
The description in every case was decidedly meager. 

I suggested that the A. S. T. M. might profitably organize a committee to investi- 
gate this subject and issue a*call to the producers and consumers and the publishers 
of trade papers to see if it would not be possible to formulate some plan whereby 
these quotations might be based on more definite descriptions. 

I presented a resolution at the French Lick meeting of the A. S. T. M. last June. 
The resolution was presented to the executive committee, and a subcommittee of 
the executive committee was appointed to look further into the matter. A meeting 
was held in New York about two months ago and as a result the subcommittee 
recommended to the executive committee the organization of a committee such as 1 
had suggested. That committee’s action was based on the replies received to a great 
deal of correspondence with producers and consumers and also the publishers of the 
trade papers. ; 

The next step will be to organize that committee. I believe as a result of that 
work the quotations will be based on better understanding. If the present specifica- 
tions of the A. S. T. M. are not entirely practical to meet the trade requirements, it 
will be for that committee to modify the specifications so that they will be in every 
way practical. Probably that is only the first step. The quotations on ingot metal 
may be based on more flagrant lack of description than the quotations on any other 
commodities, but if the A. 8. T. M. specifications could be used very much more 
extensively as a basis for trade-paper quotations, both for wrought brass and the iron 
and steel products ete., there certainly would be a very much better understanding 
in the trade. 


W. C. Hirscu, Rahway, N. J.—Considerable progress has been made on the ferrous 
end of the alloy steels. The A. 8. A. E. numbers have been substituted for descrip- 
tions of alloy steel and they are now so quoted. The numbers of the A. S. T. M. 
would simply take the place of the 85-5-5-5, which means nothing. It would be a 
progressive step, and a great help. 


J. B. Warrrrietp, Attleboro, Mass.—General Motors, in buying ingot’ metal, 
distinctly states 85-5-5-5, lists the maximum impurities, what the metal has to stand 
in tensile strength, ete. If such knowledge can be brought before the general metal- 
buying publie, it would be to the advantage of everybody. 


| 
| 
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The Contamination of Metal Scrap, Its Effect on the Value, 
and Suggested Means of Control 


By Cart O. Tutemeg,* Detroit, Micu. 


¥ 
(New York Meeting, February, 1928) 


INDUSTRIAL specialization has rapidly created:a demand for new and 
better alloys. A more thorough understanding of the requirements of 
specific industries and the discovery of processes by which it has been 
made possible to utilize certain metallic elements in larger quantities, 
together with greater purity in most virgin metals, has resulted in a great, 
increase in the number and variety of alloys. 

This increase in the number of elements entering into non-ferrous 
alloy manufacture has increased the contamination in secondary metals, 
as received by the smelter. In order to successfully refine scrap of a 
much more complex nature it has been necessary for the smelter to install 
new equipment and to constantly search for new methods of refining as 
well as to improve the methods already in use. In some instances it is 
largely responsible for specialization in the secondary metal industry. 

It is usually necessary to remove the contaminating impurities in 
scrap or eliminate to a degree not objectionable, no matter how intro- 
duced. In order to know what metals or elements are of an objectionable 
nature, the smelter must make a study of the effect of single elements and 
combinations of elements on many of the physical and mechanical proper- 
ties, such as strength, ductility, color, hardness, casting soundness, etc. 

The smelter of secondary metals must be able to utilize scrap materials 
of all kinds, for, sooner or later, most fabricated metal parts and the 
waste products formed during the process of manufacture find their way 
to the smelter. In addition, the smelter, in contracting for salvaged 
material from the producer, gets some undesirable and unusual materials. 
The value of secondary metals and the importance of their recovery has 
increased in recent years and it is no longer sufficient to recover the base 
metal only, such as copper from copper-bearing material, but it is essential 
that other elements present be recovered and converted into useful form. 

This paper will deal not with the smelting and refining or separation 
of impurities from secondary metals but an attempt will be made to show 
the increased value of metal scrap when properly segregated and in a less 
contaminated condition. There are five principal reasons for contamina- 
tion in secondary metals: New and unusual alloys, productive methods, 
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carelessness, ignorance and unsuitable means of refining. Not to be 
overlooked is the variation in the purity of various grades of virgin metal. 


New Aanp UNnvusuaAL ALLOYS 


The contamination from new and unusual alloys is readily understood 
and little need be said regarding it except to mention some of the elements 
introduced by this means—chromium, molybdenum, tungsten, vanadium, 
sodium, calcium and other elements unusual to the non-ferrous alloys as 
usually manufactured. In addition, unusual combination of elements 
common to some alloys play a big part in this sort of contamination. 


PropuctivE MretrHops 


Much of the contamination in metal scrap is due to the demand on the 
manufacturer of metal parts for production methods in which contamina- 
tion can not be avoided. For example: 

Machine cuts on a metal part consisting of two or more widely differ- 
ing classes of alloys such as brass and babbitt or aluminum and babbitt. 

Soldered or brazed, sheet or cast parts. Under this head come the 
requirements of the automobile radiator industry. 

Electroplated articles, including copper, brass, nickel, silver and 
chromium plating. This is not a complete list of the electro-deposited 
metals sometimes encountered. 

Brass, iron and aluminum inserts in castings, as often encountered in 
the die casting scrap. 

Iron and lead accumulation in galvanizing baths. 

Copper, brass, iron or other metal dissolved in solder or tin baths as 
various articles are dip soldered or coated. 

This type of contamination will probably increase, but as the source 
of such scrap is more or less constant, the tonnage is usually great enough 
to warrant the smelter to invest in equipment with which he can success- 
fully treat such scrap. 


CARELESSNESS 


Contamination due to carelessness occurs frequently in plants produc- 
ing scrap, wherein two materials of unlike nature or of different commo- 
dity classification are mixed. More consideration is now given in many 
plants, regardless of size, to the proper segregation of unlike material, 
with the thought of increasing the value. As the value of secondary 
metals is being brought to the attention of the right men in the industry 
we may expect less volume of careless contamination. Take for an 
example, solder and babbitt dross (whether lead or tin-base) if mixed and 
smelted, for in this condition the smelter cannot separate the dross. The 
pig metal recovered has the antimony content alone, or the copper and 
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antimony content increased to a degree where it directly influences the 
value of the dross. A penalty must be imposed upon the producer of 
scrap by the smelter when the copper or antimony content increases 
above a certain percentage or when zinc or aluminum is present. 

Specifications for solder alloys usually allow but 0.08 per cent. copper 
and from 0.25 to 0.75 per cent. antimony, while they require the absence 
of zine and aluminum. The metal recovered from mixed drosses may be 
microscopically free from oxides and so-called dirt, and it may contain 
no other impurities except arsenic or bismuth which are introduced with 
the virgin metal when the alloy is first made, but it is a difficult task to 
remove a few per cent. of antimony except by a time consuming process of 
liquation or by electrolytic methods. The high cost of the electrolytic 
methods inhibits their use in this country and when the liquation process is 
used, a large percentage of the once valuable tin (in the form of solder) is 
now in an undesirable form. The alloy contains a high antimony con- 
tent together with varying percentages of lead. 

The lead content of the so-called ‘Sweats residue”’ is too high to war- 
rant its use in the incorporation of antimony into tin-base babbitt metal 
and as the intermediate babbitt metals find so little application, there is 
usually an abundance of this ‘Sweats residue” on the market. The tin 
contained has little value for there is no outlet for the product. The 
result is that the value of the solder dross has been reduced through 
contamination and, of course, the same penalties are imposed whether the 
cause is carelessness or otherwise. 

Other illustrations of the reduction in value of contaminated scrap 
could be given, but this serves to show how the value is directly influenced 
by contamination and the urge for proper segregation in the produc- 
ing plant. 

IGNORANCE 


Ignorance of the value of secondary metals is fast disappearing. 
We have evidence that even the children in the street know the value of 
metal foil from the number of them collecting candy wrappers, cigaret 
packages and the like. ° As aluminum foil is in many instances replacing 
tin on candy wrappers and collapsible tubes, considerable contamination 
is thus occurring from this source. 

Ignorance on the part of the employee who handles scrap metal in the 
producing plant is largely responsible for this type of contamination. To 
the uninstructed new employee, or to the laborer handling salvaged 
material, metal is metal whether it is iron, brass, babbitt or aluminum 
and often many tons of material are placed ina lower commodity classifica- 
tion because ignorant or uninstructed employees have mixed scrap 


‘metals that are of the same color. Innumerable instances of this type of 


contamination have come to our attention. 


» 
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UnsuITaBLE Mertuops oF REFINING 


Smelting and refining of certain classes of secondary metal scrap 
should not be attempted by the uninformed or inexperienced person. — 
The presence of some impurities will probably pass undetected and will 
cause no end of difficulties in the casting operation, machining of castings — 
and finally, in service. The smelter, whose business it is to utilize scrap 
metals, should be in a position to refine scrap metals more properly and 
remove impurities or dispose of undesirable scrap wherein the smallest 
loss is incurred. 

Proper refining of metals is a matter of great importance and involves 
not only metal loss, but a thorough knowledge of furnaces, their type and 
construction, the selection of burners, the choice of fuel, flux and slag- 
forming materials. Last but not least, a thorough working knowledge of 
the principles of physical chemistry is necessary. 

Some of the more important considerations are: Oxidation or reduc- 
tion and control of the reaction; and the introduction of gases from the 
fuel or from the atmosphere within the furnace, and of non-metallic 
materials sometimes objectionable, from the fuel or furnace linings. 
Temperature maintained during refining and time are factors of great 
importance. Whether we agitate a metal bath or allow it to be as 
quiet as possible, elimination of objectionable oxides, choice of oxidizing 
or reducing materials and the casting temperature are considerations not 
to be overlooked. Fluxing materials or slag-forming materials must be 
added at the right time and in the proper manner, for there are instances 
where the desired reaction will take place only when the flux is added 
just as a definite temperature is attained or if the slag is not formed 
too soon. 

It has been our observation that attempts by inexperienced persons 
to utilize certain metal scrap have resulted in the contamination of 
thousands of pounds of absolutely good material and the loss of time and 
money. ven if an operation was more or less successful, the metal losses 
were generally greater than those occurring in the plant of the smelter, for 
generally the smelter is compelled to reduce metal losses to the minimum 
in order to operate at a profit. The contaminated metal invariably was 
sent to a smelter for refining or sold at a loss. 


VirGin Merrats or Higher THAN NorMAL IMPURITIES 


Mention must be made of the occasional finding of virgin metals whose 
percentage of impurities is higher than normal. Some of these metals are 
bought, not on specification of any particular impurity, but on the per- 
centage of total impurity. It is not difficult to understand why these 
impurities are present in such quantities for the loss involved in removing 
the impurity from 0.10 to 0.02 or 0.03 per cent. (a percentage not objec- 
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tionable) is out of proportion to the quantity of impurity removed. So 
long as material is bought on such a basis this condition will exist and all 
users of the metals. will have to contend with certain impurities until 
specifications can be written that will be more fair to the consumer. Con- 
tamination will continue to take place, as there seems to be no remedy in 
sight at present. 

Since contamination is constantly taking place the smelter must 
interest himself in the real or approximate composition, depending upon 
the nature of the scrap offered for sale. Not only is it necessary to know 
the percentage of major elements in order to place the scrap within a 
commodity classification, but in many cases the-smelter and refiner must 
ascertain the nature and extent of the impurities present, thus enabling 
him to place a true value on the commodity as well as to guide him in the 
proper method of refining or final disposition of the metal recovered. 

As an example, let us consider the standard 85-5-5-5 composition 
boring. The main element, copper, may be plus or minus a few per cent. 
without changing the commodity price, but if contaminated with alum- 
inum chips the value of the scrap is greatly reduced. ‘This is but one of 
the many instances in which the impurities directly lower the price of the 
commodity because treatment of a complex nature is often necessary 
before the metal is of proper quality for use. 


NON-METALLIC IMPURITIES 


It is often necessary to determine the non-metallic material present 
in secondary scrap in order to reduce metal losses to the minimum. 
Some non-metallic solids, often organic in nature, and some gases greatly 
interfere with smelting and refining operations and smelters penalize 
quite severely as the percentages of these impurities increase. 


Wuat 1s AN IMPURITY? 


It will be of interest to mention briefly what constitutes impurities 
in metal scrap or waste products containing metal. We must include 
all the elements usually incorporated in the manufacture of alloys, for 
elements essential in one type of alloy are impurities in others. The 
following elements are commonly encountered: Copper, tin, lead, zine, 
iron, aluminum, nickel, antimony, silicon, manganese, magnesium, 
bismuth, cadmium, arsenic and calcium. Tungsten, chromium, molyb- 
denum, vanadium, selenium, tellurium, beryllium and other elements 
are occasionally found. Gaseous elements and compounds are frequently 
dealt with as well’as elements such as carbon, phosphorus and sulfur. 
Other elements or compounds occasionally interfere with the smelting 
and refining operation or are mechanically occluded in the recovered pig 
metal. Although some of these impurities are objectionable in almost 
every instance, certain elements or compounds objectionable in some 
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alloys are not objectionable in others. A few examples will serve to 
illustrate this point. 

Contamination of 85-5-5-5 standard brass with aluminum has already 
been mentioned, for metallic aluminum is deleterious to practically all 
the physical and mechanical properties of the metal. However, alumi- 
num is intentionally added to yellow brass, with general improvement 
in properties. 

Zine is considered an impurity in most of the light aluminum alloys 
but it is intentionally added to some of the aluminum-base alloys in 
quite large quantities. 

Phosphorus is intentionally added to many of the red brass or bronze 
alloys but rarely to the yellow brass and is undesirable if present. 

Iron is intentionally added in fairly large percentages to some brass 
and bronze alloys but is considered an undesirable impurity in quantities 
greater than 0.35 per cent. in others. 

Copper is an undesirable element when present in solder metal as 
stated previously, but both tin and lead are added to copper with result- 
ing favorable properties. 

Antimony is intentionally added to most babbitt metals whether 
tin-base or lead-base, but when present in a tin and lead solder, it is 
usually considered undesirable. 

Lead and zinc are considered impurities to be avoided in some of the 
high-copper alloys. The presence of lead in most of the high tensile 
alloys has a detrimental effect on the physical properties. 

Sulfur is undesirable in practically all alloys but it is intentionally 
added either as sulfur or a sulfide in one or two bronze-bearing alloys. 


CoNTROL OF CONTAMINATION 


In attempting to eliminate contamination as much as possible, the 
smelter has, through cooperation with the producer of scrap metals, 
effected much improvement. Suggestions made and followed have 
resulted in great savings to the seller of the scrap. Clean scrap means 
small loss, low cost of refining and no penalties, naturally increasing the 
value of the metal scrap. 

Many industrial organizations maintain a salvage department, 
employing trained men at the head, whose duties are not only to main- 
tain segregations of the scrap materials in the storage room, and to 
make proper classification, but to devise ways and means of keeping 
the metal scrap in the least contaminated condition as it is produced in 
the manufacturing departments. The clean-up men, sweepers and the 
hike are usually under the control of the salvage men with the result 
that, unless contamination has occurred as under the second heading, 
the scrap is reasonably clean. Some of these men keep in close contact 
with the smelter and are advised as new problems arise. 
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Control of contamination could be increased if more of the firms pro- 
ducing scrap materials were placed on a basis as above described, for 
substantial gains in savings would result from clean salvaged metal scrap. 

Finally, notwithstanding this contamination, the smelter and refiner 
of secondary metals is governed in the quality of metal produced by the 
specifications which he must meet. Most of the larger smelters main- 
tain laboratories and can guarantee to produce metal according to the 
customer’s standards. If specifications are not given, the smelter is 
guided in the production of alloys or metals made with secondary scrap 
by the metal specifications of the American Society for Testing Materials. 
It is hoped that these or some other set of-standard specifications will be 
followed more closely by those issuing or revising material specifications. 
It is also hoped that with the use of standard specifications the number of 
alloy compositions intended for the same purpose will be reduced. 

To those issuing metal specifications we urge careful consideration 
when controlling metal impurity percentages. In many instances only 
a small percentage of a metal is permissible, whereas five or six times as 
much would not injure the properties of the alloy for the purpose intended. 
For example, many specifications now limit the lead content in tin-base 
babbitt to 0.85 per cent., whereas as high as 2 per cent. would not be 
objectionable in most babbitt bearings. Some of the largest users of 
babbitt alloys are now permitting from 1 to 2 per cent. of lead in the 
babbitt purchased, thereby realizing a tremendous saving without 
sacrificing quality. 


DISCUSSION 


W. F. Granam, Mansfield, Ohio (written discussion).—Mr Thieme’s paper was 
evidently written to direct the attention of the user of non-ferrous metals, who is in 
turn the producer of the raw material for the secondary-metals refiner, to the effect 
of contaminations in this material and the troubles which they cause the refiner. 

While the refiner is undoubtedly beset with many difficulties in handling the mis- 
cellaneous materials from which he produces his secondary metals, the organization 
with which the writer is connected (Ohio Brass Co.) is very well satisfied that the 
majority of the producers of composition brass ingot can meet a reasonable chemical 
specification and keep the recognized impurities (for example, iron and antimony) so 
low that they will not affect the quality of the alloy. 

Table 1 shows specifications for two grades of composition brass ingot and the 
average analysis of 63 cars received over a period of two years from a number of 
sources of supply. These figures indicate that the specifications have been met with 
the exception of the zinc content and that very little difficulty has been experi- 
enced with off-analysis material. However, on the other hand, we are not at all 
satisfied that the average producer of composition brass ingot has a proper apprecia- 
tion, from a metallurgical standpoint, of the reactions taking place in his refining 
furnaces. In an investigation extending over the last six months in our own plant 
and in plants of secondary-metal refiners, who produce composition brass ingot, we 
find that there is a wide variation in the quality of ingot with reference to the amount 


of non-metallic inclusions. 


718 THE CONTAMINATION OF METAL SCRAP 


Taste 1.— Olio Brass Specifications 
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Norr.—Total impurities not to exceed 0.30 per cent. 


Average Analyses for 1926 
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Nore.—Nickel has been found in some shipments up to 0.50 per cent. but is not 
considered an impurity. 


Composition brass ingot is produced in a variety of ways. Furnace sizes vary 
from 1 to 50 tons and the metallurgical process may be either one of bessemerization 
of the so-called impurities or their removal by a fluxing treatment. It would appear 
to us that a uniform quality of brass ingot can not be offered to the trade until a more 
standard procedure is adopted by the refiners in general and the metallurgical aspects 
of their processes in relation to the ultimate quality of the product is given 
more consideration. The immediate results will be a reduction in ‘“‘dirty’’ castings 
and “leakers’’ in the foundries using composition brass ingot. 

We feel that the secondary refiner is filling an important position in industry and 
that the collection of so-called scrap and its conversion to a usable form is an economic 
necessity. Secondary metals, when produced by proper methods of refining, should 
equal virgin metal in performance, particularly those of brass compositions. The 
metal refiner should be supported in his efforts to produce a quality metal, not only 
by those from whom he obtains his raw material but also by those who use his product. 


W. M. Corssn, Washington, D. C.—I would like to supplement what Mr. Graham 
has just said by adding the word nickel-silver to brass. I have had some experience 
recently in trying to get the proper quality, or in seeing that manufacturers received 
secondary metal ingots of proper quality, for what used to be called German silver, 
but which we now call nickel-silver. All the things he has said in his discussion about 
the importance of knowing the metallurgical principles, as far as brass is concerned, 
apply, I should say, even more to the same alloys when nickel is added. 

We know a good deal more, thanks to Dr. Merica and his colleagues, about the 
effect of sulfur on alloys containing nickel. When we get a miscellaneous assortment 
of scrap of unknown history, the sulfur content is sometimes ignored and makes 
trouble unless people who are handling it realize the importance it plays in the quality 
of the resultant material. Nickel also requires unusual attention, and nickel alloys 
of the German silver type are becoming of increasing importance. I would urge 
anybody who is making secondary metals of the German silver variety to look care- 
fully into the underlying metallurgical principles involved so that they may be in a 
position to furnish what the brass people are now furnishing; namely, a metal com- 
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parable in quality to that produced by new material. It is very important from the 
casting standpoint that the sulfur element particularly be taken into account and that 
the material which we will say contains 20 per cent. nickel, roughly, is of good quality. 

Those who have tried to explain to the foundryman why he has not secured good 
castings or why he should be interested in making nickel-silver castings, for instance, 
in the plumbing fixture lines, know that proper quality is very important. The 
whole nickel-silver business has suffered from this one point and many people would 
be using nickel-silver castings today if they could get the proper quality of material 
and if the refiners would realize the fundamental metallurgical principles involved in its 
manufacture. ¥ 

All nickel ores contain sulfur when they come out of the ground. In the refinery 
we try to reduce that to 0.03 or 0.04 per cent. When sulfur comes anywhere near 
nickel, it is a very easy thing to unite them ; So it is not the fault of the nickel that 
sulfur gets into it; it is the fault of the man who puts the sulfur near the nickel. 


J. B. WaTERFIELD, Attleboro, Mass.—In reference to sulfur in nickel-silver, it 
occurs to me that the trouble may be that the sulfur has an affinity for the copper. 
In melting nickel silver, it has been my experience that sometimes after it has been 
silver plated and polished sulfur is slightly absorbed by the copper, and on a finished 
product we get a copper sulfide or sulfate condition rather than nickel sulfide or sulfate. 


E. R. Darsy, Toledo, Ohio.—I believe there is a tendency on the automobile 
industry’s part to allow more lead in tin-base babbitts, I know some automobile 
manufacturers allow as much as 1.5 per cent.; some, as much as 2 per cent. I believe 
there are some very reputable airplane-engine manufacturers using a lead-base 
babbitt, so that perhaps secondary-metal producers in the future will find they will 
not be held quite so low on lead content, which I think will be an advantage. 


O. W. Exuis, East Pittsburgh, Pa. (written discussion).—The concluding para- 
graph of Mr. Thieme’s paper will excite the interest of users of babbitt. It would be 
interesting to know on what basis the author is able to make the statement that “a 
tremendous saving without sacrificing quality’’ can be realized by the user of babbitt 
containing from 1 to 2 per cent. of lead. The writer can fully agree with the state- 
ment as to saving, but is a little dubious as to the question of quality. 

From a mechanical point of view, lead is considered by many to be a useful addi- 
tion to babbitt, since its substitution for tin has the effect of increasing the hardness 
and compressive strength of these alloys at ordinary temperatures. Substitution of 
more than 1 per cent. of tin by lead, however, has no beneficial effect on the hardness 
or strength of babbitt, the hardness and strength due to this substitution reaching a 
maximum value at just about 1 per cent. lead. The hardening and strengthening 
effects are completely lost at high temperatures (75° to 100° C.); the alloy behaving 
as though no substitution of tin by lead had occurred. There is some evidence that 
lead has an embrittling effect on babbitt. Certain it is that, other things being equal, 
the CuSn needles in babbitt tend to crystallize in the form of very long needles when 
lead is a constituent of the alloy, structures being obtained such as are frequently 
associated with brittleness. On this account, one would feel disposed to limit the 
lead content of babbitt. 

There is yet another reason for such action. It is because there is a tendency for 
babbitt to absorb lead from the solder used in tinning the bearing. Contamination 
of the babbitt on this account may be an important factor in the life of the bearing. 
It is not impossible for the lead content of a lead-free babbitt to be increased In parts 
to as much as 0.5 per cent. as a result of contamination by the tinning solder. Such 
contamination would also occur in high-lead babbitts and still further raise their 


proportion of lead. 
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It is probable that the author has some new quantitative data regarding the effect 
of lead on babbitt which would lead us to change our opinion regarding this element. 
If such data can be published they would be much appreciated. 


CG. O. THemeE (written discussion).—Many specifications allow from 1 to 2 per 
cent. lead in babbitt and ‘‘for the purpose intended” the bearings are proving 
satisfactory in service. The author does not believe automobile manufacturers 
would sacrifice quality in bearings, and Mr. Darby’s remarks support the author’s 
statement relative to lead content specifications. 

There can be no question as to lead contamination from the tinning metal 
where solder is used. The author had this in mind as a distinct source of contamina- 
tion and it is his understanding that on the higher lead tin-base babbitt (1 to 2 per 
cent.) the price differential is sufficiently great to warrant the use of pure tin for a 
tinning metal. 

The author can see no reason for using solder (except for price consideration) as a 
tinning metal in connection with “lead-free” babbitt when contamination is known to 
occur. Not only does the lead contaminate the tin-base babbitt but in many instances 
the drosses become mixed and consequently the value of the babbitt dross is decreased. 
With pure tin, if the drosses become mixed, the value should be increased. 


Ww. A. Cowan, Brooklyn, N. Y. (written discussion).—This paper presents inter- 
esting and valuable information relating to the utilization of secondary metals. 
Many practical suggestions are given. 

The statement that the presence of antimony in tin-lead solder is undesirable is 
particularly true where the solder is to be used on metallic zine or galvanized iron. 
However, the presence of antimony in solder to be used on other metals in amount no 
greater than 2 per cent. may not be detrimental and may even be of some advantage in 
respect to the qualities of fluidity and adhesion. 

Statement is made that as much as 2 per cent. of lead would not be objectionable 
in most babbitt bearings. It has, in fact, been stated in a previous article! that the 
addition of 1 per cent. of lead to a tin-base babbitt metal of ordinary composition 
improves the hardness and antifrictional qualities. Diagrams were given in the 
article referred to showing the hardness of certain alloys of this kind at various tem- 
peratures. On the other hand, it has been reported that the addition of lead to these 
alloys tends to cause them to crack in service and also that it may lessen their strength 
at high temperature. It seems probable that, because of the somewhat greater 
hardness imparted by the addition of lead, at the same time there may be caused some 
decrease of toughness or increase of brittleness, thereby causing a greater tendency of 
cracking. There may be further reason for occurrences of cracking because of a 
characteristic of the structure of tin-base alloys containing a small percentage of lead, 
which was pointed out in an article by the writer,? presented by synopsis at the 
meeting of the British Institute of Metals in September, 1927. Here it is shown 
that in tin-base alloys of this kind minute cavities are found in the cast metal, 
when it contains some lead, due to the shrinkage of segregated portions of liquid 
eutectic having relatively low freezing point compared with that of the bulk of 
the alloy. 


1 J. L. Jones: Babbitt and Babbitted Bearings. Trans. (1919) 60, 458. 
2 W. A. Cowan: Minute Shrinkage Cavities in Some Cast Alloys of Heterogeneous 
Structure. Abs. in Engineering (1927) 124, 367 and Metal Ind. (1927) 25, 488. 


Metal Recovery from Bronze Foundry Slags 


By Ernest R. Darsy,* Toiepo, Oxto 
(New York Meeting, February, 1928) 


WHEN bronze is melted in open-flame furnages a considerable amount 
of slag is formed during the melting operation. This slag may be inci- 
dental to the melting practice or it may be formed intentionally by slag- 
forming constituents added to the furnace charge to provide a covering 
for the melted metal. 

When this slag is removed from the furnace, it contains, in addition 
to the free metal carried with it by the skimming operation, a consider- 
able amount of metal as oxide either combined or mechanically mixed 
with it. By the usual crushing and washing methods this metallic oxide 
generally goes to the tailings pile, so diluted by other foundry waste 
that its recovery is economically impossible. If this furnace slag is not 
mixed with other foundry waste, practically all of the metal oxide as well 
as the free metal may be recovered by some form of smelting operation. 

The first side of the problem to be considered is the amount of slag 
produced. It may not be true that the majority of foundries have no 
record of the amount of slag made, but it is certainly true that a very 
great many either have no record or pay little attention to it. Usually 
the collection of furnace slag for one normal week’s run will be sufficient 
to determine the advisability of its being handled in a different manner 
from the crushing and concentrating generally employed. If a large 
representative sample of the accumulation is crushed and concentrated 
and the recovery compared with the results of a careful assay, it will be 
found that a large percentage of the total metal content was lost in the 
washing process. The percentage of loss will be greater than the metallic 
oxide content, as some free metal in extremely fine particles always is 
carried away in grains of slag. From such a comparison, it may be 
determined whether or not the slag should be melted, sold or treated as 
before. An example of an actual test of this kind is given below. 

In a foundry melting 50,000 to 80,000 Ib. of bronze per day, a 
week’s accumulation of furnace slag and ladle skimmings amounted to 
16,500 Ib.—over three times as much as the foundry superintendent 
estimated before the accumulation was made. ‘Two tons of this material 
was taken as representative of the lot. This was ground through a 
thoroughly cleaned ball-mill and concentrated over a Wilfley table. The 
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metal taken from the mill and the concentrates from the table were — 
melted together in two crucibles, using a flux of soda ash and charcoal. 
The fire assay of the original lot was made from a 2000-Ib. sample crushed 
and quartered to 50 lb. The comparison of this with the result of the _ 
concentrating test is given in Table 1. ¥i 


TapLE 1.—Comparison of Concentrating Test with Fire Assay 
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Analysis | Extension 
i css é 
| | y Not || | N 
Copper, oe oe De — | Copper Tin Lead Deter 
r } | ’ , * bon 
ats | Gent. Cunt. 1 Pew | Pounds | Pounds | Pounds, | mined, 
Cent. Pounds 
Total concentrates 682 lb.... E 
Ingot poured 576 lb.......-- 76.38 6.22) 15.30} 2.10 || 439.95 35.83 88.13 12.10 
Crucible slag 122 lb........- 1.74 1.18} 0.80 2.12 1.44 0.98 | 
Total recovery by concen- 
4ratlOtasesese se Selsys= 442.07 | 37.27 89.11 12510 
Assay 28.5 per cent. 4000 lb. 
es 1140 Ibi cease irs one 74.50 | 12.30] 11.16) 2.04 |, 849.30 | 140.2 127.20 23.43 
Recovery by concentration.., | 442.07 | 37.27 89.11 12.10 
Disercicoe «ces gists | | 407.23 | 102.93 | 38.09 | 11.20 


This comparison shows a loss by concentration of approximately 560 
Ib. of metal made up of 72.5 per cent. copper, 18.5 per cent. tin and 7.0 
per cent. lead. It was calculated that the loss during one year would 
amount to about 115,000 lb. of metal, of which more than 20,000 lb. 
would be tin. 

A blast furnace was installed to handle the furnace slag, and the 
recovery during the first two months was more than satisfactory. The 
slag smelted amounted to slightly over 140,000 Ib. from which 41,300 
lb. of metal were recovered. As before, 4000 Ib. of the accumulation were 
crushed and concentrated, and from the results of this sample the saving 
effected by the blast furnace was computed. The figures are given in 
Table 2. 

The saving at this particular plant in one year, after deducting the 
total cost of the furnace, was over $13,000. 

It is interesting to note that the 20,000 lb. of metal actually saved 
by the blast furnace shows a tin content of nearly 4000 lb., approximately 
20 per cent., while the average tin content of the foundry product was 
only 6.25 per cent. This illustrates the effect of selective oxidation. 

In another instance, 90,000 lb. of skimmings purchased from an out- 
side source were charged in a reverberatory melting furnace from which 
approximately 53,000 Ib. of metal and 37,000 lb. of slag were recovered 
The slag was smelted in a blast furnace, and yielded nearly 6000 Ib. of 
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TaBLe 2.—Saving Effected by Blast-furnace Treatment of Slag 
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Sample concentrated..... 4,000/604 = ||77.03| 5.85)14.60] 2.52 
15.1% 
Total estimated on sample 21,330: # || 16,430.5) 1,247.8] 3,114. 2/537.5 
Difference... 0... cls 19,970 13,429.4) 3,939.5) 2,403.5/197.6 
{ > - E 
ost of blast furnace. .........s-<c-< $956.60 41,300 lb. @ 13.5 = c. $5,575.50 
Cost of concentrating (est.)........... 361.35 21,330 lb. @ 9.5 = c. 2,026.35 
$595.25 3,549.15 
Difference between blast-furnace and 
concentrating costs................ 595.25 
IN@UUPEORE crrsjciaieetsys ciesoiee ries sacs $2,953.90 


metal containing 22 per cent. tin. The tin content of the 53,000 Ib. from 
the reverberatory was slightly over 5 per cent. Very little, if any, oxida- 
tion occurred in the reverberatory, as a crucible sample taken from the 
original lot showed a little less than 5 per cent. tin. The slag from the 
reverberatory furnace contained very little free metal and most of 
the 6000 Ib. of metal recovered from it would have been lost had it 
been crushed and washed or concentrated. 

Usually the metal tapped from a blast furnace must be refined before 
it is used, as it will contain considerable iron and some sulfur. This is 
not a difficult process and adds very little to the total cost, compared 
to the saving effected by the smelting operation. It is best done in a 
reverberatory furnace built for the purpose but can be satisfactorily 
accomplished in most open-flame furnaces used for melting, if the 
quantity of metal to be treated is not very large. 

Foundries that melt only small amounts of bronze will find it more 
economical to sell the slag accumulation than to smelt it, and not all 
large foundries will show a slag waste sufficiently great to pay for a blast 
furnace or other installation for smelting. But large or small, waste 
always is waste and should receive careful consideration. A lean tailings 
pile is not necessarily an indication of good practice. It may be the 
hiding place of a large preventable loss. 

Considering the quantity of bronze melted by the foundries of the 
United States, possibly amounting to 300,000,000 Ib. or more each year, 
it might not be unreasonable to estimate that 4,000,000 or 5,000,000 Ib. 
containing a large percentage of tin are lost beyond recall. If this 
estimate is even approximately correct, an investigation of the quantity 
and quality of slag produced would be profitable to many foundries. 
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DISCUSSION 


G. H. Cramer, Philadelphia, Pa.—Years ago we had smelters in our plant, and 
reached rather a different conclusion from that reached by Mr. Darby; in fact, almost 
diametrically opposite. It is entirely a matter of the quantity of material that must _ 
be handled as to whether you treat it by a wet process or by the smelting process. 
To put in a wet concentrating plant that is highly efficient, and one from which a large 
recovery may be obtained, costs a great deal of money. I think our installation ran 
up to about $100,000. We found that, all things considered, it was best to concen- 
trate in the wet way for the quantity that we had to handle and particularly because 
in putting it through the smelter there was a great deal of sulfur absorbed. It was 
necessary to greatly reduce the sulfur by reverberatory refining, in order to make the 
metal usable in the foundry. 

If the smelting equipment is sufficiently large and efficient, it is probably eco- 
nomical to use the dry process. Every case must be handled on its own merits as to 
the cost of the equipment and the quantity available for smelting. 

W. F. Grauam, Mansfield, Ohio.—Jotting down the figures of production and the 
amount of slag, it would seem that Mr. Darby’s gross loss before recovery or treat- 
ment was approximately 6 per cent. I wonder if that was correct? Also, what was 
the copper content of the tailings, that is, the material discarded, and what was the 
percentage of recovery in brass value? In other words, woud the difference between 
that and the gross loss be the net loss? 

E. R. Darpy.—The figures I gave were partly from the paper and a great deal 
from memory. Percentages were given as round numbers. In one foundry of which 
I know, the total loss, that is net loss, as figured from the recovery from concentration, 
was in the neighborhood of 4 per cent. 

The question as to the value of the operation, I can best answer in this way: 
In one plant producing considerably more than I was referring to here, the furnace 
installation cost in the neighborhood of $5000. Thirty to forty pounds of slag per 
melting furnace was produced in the foundry. That slag was all accumulated and 
run at the end of the month. In the course of a year, a net profit of $18,000 to 
$20,000 was shown from the value of the material reclaimed, which would not have 
been reclaimed had the wet process been used. 

W. F. Granam.—What was the percentage of copper in the tailings? 


EB. R. Darsy.—The tailings showed about 0.75 per cent. copper by ordinary 
methods of analysis. Iam not too sure that they were correct. 

S. Roti, Carteret, N. J.—How about tin? 

E. R. Darsy.—I do not think it was determined. 

C. O. Tutrmp.—What was the composition of that particular bronze? Was it 
high in tin? 

BH. R. Darsy.—The tin in the bronze melted in that foundry averaged about 7 
per cent. tin. The lead content was fairly high. 

5S. Rotue.—You mentioned a 50 per cent. loss. What did that refer to? 

E. R. Darsy.—I meant 50 per cent. of that recovered in the blast furnace. Taking 
the blast-furnace recovery as 100 per cent., they were losing just about half of it before. 

G. H. Cuammr.—Eight or ten years ago we had presented before the Institute of 
Metals two papers on this subject.1 The paper by Taggart was on concentrating 


1A. PF. Taggart: The Reclamation of Brass Ashes. Trans Amer. Inst. of Metals 
(1916) 10, 66. 
J. L. Jones: The Selling of Brass Foundry Refuse. Trans. Amer. Brass Founders’ 
Assn. (1910) 4, 59; also Metal Ind. (1910) 8. 
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by the wet process, and the paper by Jones on the same subject as now discussed by 
Mr. Darby. Of course, in referring to those papers you must remember that they 
were written a number of years ago, and that the practice today is somewhat different. 
They were very interesting papers and you would do well to read them if you are 
interested in the subject. 


E. R. Darsy.—In connection with this blast-furnace operation, I am simply 
offering that as one means of perhaps improving a method of reclaiming. 
Undoubtedly, there are many other means. The blast furnace is very suitable to 
most operations. Just because there is not enough slag or other material to keep 
the blast furnace going all the time does not mean that ft will not pay. Two or three 
days’ run at the end of the month will save money. 

As Mr. Clamer has brought out, its fault is that the material recovered by means 
of a blast furnace contains percentages of sulfur and percentages of iron. They must 
be handled in two ways; they must be taken out, or the metal must be used in small 
amounts so that by dilution the impurities mean nothing in the foundry product. 
The blast furnace can be operated so that the minimum of sulfur and iron can be 
introduced into the metal. At the present time the plant I am with is operating a 
blast furnace with the sulfur content very low indeed and the iron content, as a rule, 
does not exceed 0.5 per cent., or 0.75 per cent. at most. If that material is particu- 
larly beneficial in some mixes, we refine it; if it is not, we use it for its tin content in 
very small quantities, so that when the melt is made in the foundry the impurities 
really amount to a negligible quantity in the product. 


W. F. Granam.—Mr. Darby’s figures check our experience at the Ohio Brass 
Co. very closely with reference to open-fire furnaces but not necessarily with electric 
furnaces of either the induction or indirect are types. 


E. R. Darpy.—The paper has to do preferably with the open-flame furnace, which 
is the one found in the average bronze foundry, It applies to crucible melting with 
coke, also. 


G. H. Cramer.—Of course, the smelting of slag material—material that is in a 
semifused state—is much easier than to attempt to smelt something in the granular 
or powdered form. Finely divided material must be briquetted. 


E. E. Tuum, New York, N. Y.—Mr. Darby’s paper reminds me of considerable 
discussion we had during war times about the proper way to reclaim zine waste. 
Many suggestions were made as to how brass foundries could conserve resources most 
advantageously in those times of stress. Both that problem and this boils down to 
one of relative cost. Looking over the western metallurgical field—the place where 
the zinc, copper, and lead come from—we see a very pronounced tendency for the 
smaller treatment plants to close, and the smelting to be done in a few very large 
ones. That seems to indicate that an individual foundry would not find much profit 
in working up a few tons of its own waste. It is not easy to get a good recovery of 
any type of raw material, particularly, I would judge, if it isfoundry slag. It requires 
not only good, well balanced equipment, but also well educated and resourceful men 
—specialists. These men are not found in foundry organizations. Consequently, it 
would seem to me that the most important thing, as the speaker pointed out, is to 
look very carefully into the cost of smelting foundry slag before undertaking it. It 
would seem almost certain that if there is a good smelting company near by, it would 
be better from the dollars and cents standpoint to sell the slag outright and forget 
about it, particularly if there is any competition for that particular kind of material. 
If the secondary smelter will not pay enough to warrant the collection and transporta- 
tion of the wastes, it is a pretty safe bet that it is not going to pay a foundry organiza- 
tion to collect and smelt them. 


Remelting Secondary Aluminum 


By T. D. Sray,* D. B. Hopss* anp H. O, Burrows,* CLEVELAND, OHIO 


(New York Meeting, February, 1928) 


ALUMINUM which has lost its original identity as to source may be 
considered as secondary. This would include scrap originating in the 
fabrication of aluminum, which is not consumed at the plant of fabrica- 
tion, and all material resulting from fabrication, which has lost its original 
identity regardless of whether it be consumed at the plant of fabrication 
ornot. In general, secondary aluminum may be divided into two classes, 
commercially pure and alloyed. The chief impurities found in com- 
mercially pure aluminum are copper, iron, titanium and silicon; while 
in aluminum alloys, copper, iron, titanium, silicon, zinc, manganese, 
magnesium, nickel, or tin, may be present in varying proportions. 
Occasionally lead and antimony are found in secondary aluminum 
alloys, especially if the alloy results from remelting vender’s auto- 
motive scrap. Such alloyed elements as are found in the scrap can- 
not be removed on remelting. In this, the remelting of secondary 
aluminum differs from the smelting of secondary copper or most other 
secondary metals. 

The majority of secondary materials reach the consumer in the form 
of remelt ingot or remelt No. 12 ingot. This ingot varies greatly in 
quality, depending upon the source of the material, and the manner in 
which it is refined and blended. The principal differences between 
primary and secondary ingot are: 

1. The composition of secondary ingot may be more or less indefinite. 

2. Secondary ingot may contain more dross and oxide. 


Secondary ingot may, however, be used successfully in a great many 
products. 


RELATION OF PRIMARY PRopuUcTION TO SECONDARY PRODUCTION 
Table 1, compiled from data published by The American Metal 
Market, gives an approximate idea of the relation of primary to secondary 


production. Information obtained from other sources leads the authors 
to believe that the figures for secondary production are somewhat low. 


* Aluminum Co. of America. 
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TaBLE 1.—Relation of Primary Production to Secondary Production in the 
United States 
According to Data Published by The American Metal Market 


| Primary Production Secondary Production 
vibe Total 
Production, 
| Pounds? Per Cent. Pounds* Per Cent. Fonads 
1913 64,900,000 87.5 | 9,308,000 12.5 74,208,000 
1914 90,000,000 90.9 9,044,000 * 9.1 99,044,000 
1915 99,000,000 85.3 17,000,000 | =—-:14.7 116,000,000 
1916 139,000,000 | 78.3 38,600,000 |... 21.7 177,600,000 
1917 200,000,000 | 86.1 32,200,000 ~ 13.9 232,200,000 
1918 225,000,000 | 88.2 30,100,000 1133 255,100,000 
1919 | 198,000,000 | 84.1 37,382,000 15.9 235,382,000 
1920 | 198,000,000 86.5 31,000,000 13.5 229,000,000 
1921 | 63,388,000 | 78.0 17,800,000 | 22.0 81,188,000 
1922 | 114,640,000 = 77.9 32,580,000 | 22.1 147,220,000 
1923 | 213,820,000; 83.4 42,600,000 16.6 256,420,000 
1924 187,392,000 | 77.6 54,000,000 22.4 241,392,000 
1925 205,030,000 | 70.0 88,000,000 30.0 293,030,000 


ee 


@ Metal Statistics (1927). 


TypEs AND SourcE OF SECONDARY METAL 


Clip and Sheet.—Scrap of this nature may be divided into commer- 
cially pure and alloyed clip and sheet. Under each of these divisions, 
the material may be subdivided into clean and dirty. The gage of the 
material is also of importance. Clip and sheet scrap may be either loose 
or baled. Cooking utensil plants, automobile body works, and other 
users of aluminum sheet, usually dispose of this material on the open 
market. It is from such sources that secondary aluminum clip and sheet 
are derived. This material has always been considered the best scrap 
on the market, and has always brought the highest prices. Commercially 
pure aluminum clip and sheet may be used to make high grade remelt 
ingot. It may also be used directly in making castings. The authors do 
not consider it good practice to make castings direct from exceedingly 
dirty and thin material. Such material as this should be remelted first 
to remove non-metallic impurities. 

Foil.—Foil is sheet, about 0.0002 to 0.0005 in. thick, made from 
commercially pure aluminum. It may be either clean or contaminated 
with paraffin, shellac, paper, paint, or various other material. Because 
of its extreme thinness, it can not be remelted in the same manner as clip 
and sheet. If properly handled, foil scrap may be recovered in a good 
grade of remelt ingot. 

Cable——Aluminum cable consists of commercially pure aluminum 
which has been drawn into wire and stranded into cable. It may be all 
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aluminum or steel-reinforced, either bare or insulated. “Clean” 
cable consists only of all aluminum cable, not corroded; while “dirty” 
cable consists of all other cable. About the only source of supply is 
that of discarded cable from power transmission lines. 

Castings.—Aluminum, either commercially pure or alloyed, which 
has been cast in either sand, die, or permanent molds, and has been dis- 
carded, constitutes casting scrap. Foundry defectives, gates and risers, 
cannot be classed as secondary casting scrap, as these are charged directly 
into subsequent heats made in the foundry where this scrap originates. 
Very few foundries dispose of their scrap castings on the open market. 
As a rule, casting scrap is accumulated in small quantities by dealers in 
secondary metals who have salvaged automotive parts and other 
discarded castings. 

Scrap castings may be classed as tallowe 

1. Clean casting scrap. This type of casting scrap includes new rough 
castings which have for some reason or other become obsolete, or castings 
from machine shops which have not been assembled in motors or used to 
the extent of becoming covered with grease or dirt. They may, however, 
be coated with oil that might have gotten on the castings during 
machining operations. 

2. Dirty casting scrap. Such scrap castings as those which have seen 
service in motor cars and the like may be considered under this classi- 
fication. These castings are usually covered with a considerable amount 
of grease and dirt. Nuts, bolts, brass bushings, etc., are usually asso- 
ciated with casting scrap of this nature. 

3. Dirty casting scrap, cleaned. This type of casting scrap includes 
such castings from the second classification from which practically all oil 
and grease and loose iron, brass, etc., have been removed. 

The hmit to which each kind of casting serap may be used depends 
upon the thoroughness with which it is graded. Casting scrap is used 
primarily in the production of what is commonly known as remelt 
No. 12 ingot. 

Borings, Turnings and Sawings.—The by-product from machining 
operations may be considered under this classification. As a general 
thing, this grade of material is alloyed. It will vary in the amounts of 
foreign material from 1 to as high as 50 per cent., depending upon the care 
taken in the machine shop to keep the borings fi ec from floor sweepings, 
iron and steel borings, brass, babbitt, oil, machining compounds, dirt, 
and moisture. Any shop ees iitntterh is a potential source ét 
borings, turnings and sawings. Manufacturers of automobiles and 
automotive equipment offer the largest source of supply. From a recent 
investigation by the authors, it was found that approximately 10 to 12 
per cent. of the rough weight of aluminum castings made for automotive 
consumption is removed by machining operations. This 10 to 12 per cent. 


a 


T. D. STAY, D. B. HOBBS AND H. 0. BURROWS 729 


machined from the castings is returned to remelting plants for recovery. 
It is generally considered uneconomical to charge this grade of material 
into heats as such, without first refining, pigging and analyzing. The 
analyzed ingot, thus obtained, is suitable for making remelt No. 12 ingot. 

Skimmings.—Skimmings result from any melting operation, and are a . 
mixture of oxides and aluminum with foreign matter. In remelting 
aluminum, material collects on the surface of the bath. This material 
is in the form of an emulsion, and is removed frpm the surface of the bath 
by skimming. Skimmings may be either commercially pure or alloyed, 
depending on the metal from which they are removed. This grade of 
material will vary in the amount of metallic content, depending on the 
type of metal melted, the type of furnace in which it is melted, the furnace 
atmosphere, and the efficiency of the operation. Some plants recover 
their own skimmings, while others sell them on the open market. As in 
the case of borings, it is better not to use this grade of material until it 
has been refined. The ingot obtained from this material is suitable for 
making remelt No. 12 ingot. 

Grindings and Buffings——This grade of material is the refuse from 
cleaning and polishing operations. The fineness of grindings and buffings, 
as well as the amount of non-metallic impurities in them, depends upon the 
type of the grinding and polishing medium. The material can be used 
only after it has been refined, pigged and analyzed. 

Sludge.—Sludge is the residue found at the bottom of the bath during 
the refining of certain types of material. It is usually a conglomeration 
of bolts, nuts, pipes, wire and other articles, mixed with aluminum. 
Aluminum can be removed from this mass with difficulty, and because 
of this, the greater part of this material is considered worthless. 

Dross.—This is the residue resulting from a fluxing operation. Dross 
is chiefly aluminum oxide, but may contain aluminum nitride, and alu- 
minum carbide as well as an appreciable amount of metallic aluminum. 
Any other elements present in the bath may also be present in the dross 
in the form of oxides, nitrides and carbides. The bulk of the metallics 
may be removed from this material by mechanical means, and remelted 
into ingot form. The ingot if properly handled is suitable for making 
aluminum alloys for foundry use. 


RELATION oF MARKET PRICES—PRIMARY TO SECONDARY 


The relation of the market price of primary and secondary aluminum 
depends to a great extent upon the amounts of primary and secondary 
materials available and the demand for each. This relation is shown in 
Hign1: 

The market prices referred to in various daily metal trade papers for 
aluminum clip, scrap castings and borings are the prices dealers in 
secondary materials are willing to pay for ordinary scrap in comparatively 
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small quantities, and do not represent the prices paid for this grade of 
material by consumers who use it in large quantities. As a rule, this 
material, as purchased by the average dealer in secondary material, is in 
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small quantities, and is contaminated with oil, dirt, moisture and other 
foreign material. These dealers in some cases remove part of this foreign 
material and sort the scrap. This scrap may pass through several dealers’ 
hands, each collecting his revenue before it is accumulated in carload lots. 


T. D. STAY, D. B. HOBBS AND H. 0. BURROWS 731 


According to a private communication received by the authors from one 
of the metal trade papers, dealers’ buying prices, as appearing in the trade 
papers, are based on a canvas of the dealers in the various market centers. 
These prices are naturally lower than the prices ultimate consumers pay 
for larger lots of carefully sorted and cleaned material. 


UNDERLYING PRINCIPLES RELATING TO REMELTING SECONDARY 
ALUMINUM ¥ 


Theory of Melting —All aluminum is coated with a layer of oxide, 
possibly mixed with nitride or carbide. This covering is heavier on old 
material than it is on new material. When ingots, scrap castings, and 
other forms of heavy material, are charged into a furnace to be melted, 
without the aid of a molten heel, melting starts within the solid material. 
Molten metal breaks through the oxide film on the surface of the solids, 
and forms globules. Each of these globules, coated instantaneously with 
a new film of oxide, drops to the bottom of the container. The oxide 
casings are broken by the fall, and coalescence easily takes place. . 

The surface of the molten metal gradually rises around the melting 
solids. As the particles of molten metal are freed from their surrounding 
films of oxide and coalesce, their oxide casings rise to the surface of the 
molten metal where they are trapped by the oxide skin formed on 
the surface. Any solid metal, which melts underneath the surface of the 
molten metal, coalesces with the liquid immediately, since in the absence 
of oxygen no oxide coating can be formed. But if globules melt away 
from the solid metal above the surface of the molten metal, they must not 
only break their enveloping films, but also that of the surface of the 
molten metal before coalescence can take place. Each time a film of 
oxide is broken and molten metal is exposed to the air, a new oxide film 
forms immediately; consequently metal melting above the surface of 
the liquid is constantly increasing the oxidized material. 

As the pieces of solid metal melt out of their original enveloping shells, 
the oxide coverings become weak, and fall or rise to the surface of the 
molten metal. Thus on the surface of the completely molten metal is a 
layer of oxide under which there are other layers and particles of oxide 
intermixed with molten aluminum. “This might be pictured as a 
honeycomblike formation with the trapped particles of molten aluminum 
as the honey and the film of oxide as the comb. In other words, there is 
an emulsion of a solid (the film) and a liquid (the metal). If this emulsion 
is not entirely broken up and the metal freed from the enveloping film, 
the whole mass of oxide with the trapped metal will be skimmed off 
from what metal has coalesced.””! 


1H. W. Gillett and G. M. James: Melting Aluminum Chips. Bur. Mines Bull. 
108 (1916). 
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Borings, sawings, turnings and other small pieces of aluminum, 
melted without a molten heel, form coatings, as do the globules formed in 
the melting of ingots and other larger pieces of aluminum. The size of the 
molten borings, sawings, and other related material is smaller, and unless 
the weight of the particle melted is sufficient to cause the molten metal 
within to break through its enveloping film, little or no coalescence will 
take place. By puddling this mass of small particles, each enveloped in a 
covering of oxide, the films can be broken and partial coalescence effected. 

In order to separate the molten aluminum from the layers of oxide 
at the surface, some suitable flux should be employed. The flux should 
be of such a nature that it will not permit molten aluminum to wet the 
oxide. The oxide after fluxing can be considered as dross, and can be 
readily removed from the surface without removing appreciable amounts 
of molten aluminum. 

From the foregoing theory of melting, it is apparent that less oxide is 
formed when the material being melted is completely surrounded by 
molten metal. Therefore, it is logical to submerge as much of the material 
as possible in a molten heel. Where various grades of material are being 
melted, and no molten heel is available, those that oxidize the least should 
be melted first, and the other ingredients of the mix should be charged 
and immediately submerged after the molten heel has been obtained. 
In the case of borings, it is good practice to remelt some ingot previously 
made from borings, and charge the borings into this molten metal. After 
charging the borings into the molten metal, they should be stirred under 
the mass and puddled. In all cases the temperature of the metal should be 
kept as near the melting point as is consistent with operating conditions. 

Sperry’ states: ‘The best way to melt aluminum scrap, such as sheet 
or chips, is to have a pot of molten aluminum at low red head and then 
to add the scrap to it, pushing it down at once under the surface, so that 
it is not exposed to the air at all. In this manner there is no oxidation 
of the aluminum and it can be melted with the minimum waste. The 
serap will dissolve in the molten aluminum, and this is an ideal condition.” 
He also states;* ‘The chips should be added in small quantities at a time 
to already molten metal with immediate stirring, and the pot fluxed 
at the end of the melt with a little zine chloride.”’ 

Vickers suggests practically the same method. Another deseription® 
of this general method follows: 


°K. S. Sperry: Questions and Answers. Brass World (1913) 9, 296. 

‘E. 8. Sperry: Making Aluminum Ingots from Chips or Borings. Brass World 
(1910) 6, 278; Jnl. Inst. Metals (1911) 5, 342. 

* How to Melt Aluminum Turnings or Borings. (Editorial) Foundry (1913) 41, 
119. 


* Recovery of Aluminum Turnings and Borings—Problems of the Brass Founder. 
(Editorial) Foundry (1915) 48, 195. 
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“The melting of finely divided metal entails considerable work, and 
furthermore, the material must be handled in a manner which will 
prevent undue oxidation. The best way to accomplish this is to dissolve 
the finer metal in a bath of molten metal. A large crucible should be 
used and the molten metal should be obtained by melting ingots or other 
bulky stock. In the case of aluminum, the bath should be raised to a 
temperature not above red heat. Charge as many borings at a time as 
the bath will dissolve, but do not leave any of ,the borings on top of the 
bath in a solid state. These should be stirred into the molten metal. 
Inasmuch as the bath increases with each charge of borings, it will 
dissolve more each time that additions are madé. As the borings will 
cool the bath, the furnace should be closed from time to time, the metal 
again heated to redness, when more borings can be added, and this process 
can be continued alternately until the pot isfull. At this stage the metal 
is cast into ingots, but sufficient should be left in the pot to form another 
bath. If the mushlike dross gathers on the surface of the metal, add a 
small piece of fused zine chloride and stir it on the surface. This will 
liberate the metal from the dross, which will form a cover for the alu- 
minum. The metal should be skimmed before casting into ingots. 
Incidentally, this dross is of no value.” 

Echevarri,® Coulson’ and others also advance similar methods for 
remelting secondary aluminum. 


FLUXES 


A flux is any material which accelerates a separation of the metallic 
globules of aluminum from the enveloping films of oxide, nitride, ete. 
Fluxes for aluminum may be divided into three classes, namely: (1) 
those used principally as liquid covers, such as sodium chloride, in order 
to reduce oxidation losses and effect a slight solution of aluminum oxide; 
(2) those that actually dissolve the aluminum oxide, and thus induce 
coalescence of the fine particles, such as alkali double fluorides, and (3) 
those that are volatile at normal remelting temperatures, and are useful 
because of their thermal and mechanical effects, such as zine chloride. 

The properties of specific fluxes have been discussed at length by 
Gillett and James® and by others. There are innumerable fluxes on the 
market for which various claims are made. In the opinion of the authors, 
an ideal flux should meet the following requirements: 

a 


6 J. T. W. Echevarri: Aluminium and Some of Its Uses. Jnl. Inst. Metals 


(1909) 1, 125. 
7 J. Coulson: Reclamatio 


Metals (1915) 9, 336-342. 
8H. W. Gillett and G. M. James: Op. cit. 


n of Magnalium from Turnings. Trans. Am. Inst. 
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1. It should have the power to reduce the effective surface tension 
of globular aluminum particles. When the surface tension of the globules 
has been reduced, coalescence will take place more easily. 

2. It should have the power to dissolve or absorb aluminum oxide. 
In dissolving or absorbing the aluminum oxide coating, which separates 
the globules, coalescence can be effected more readily. 

3. It should be inexpensive. 

4. It should react at a low temperature. 

5. It should not appreciably attack the container. All fluxes will 
to an extent attack the container, and with some fluxes this is quite 
an item. 

6. It should not appreciably affect the composition of the material 
being treated. 

7. It should be nondeliquescent. 

8. It should have a density less than that of aluminum. 

9. It should be nonpoisonous. 


EVALUATION OF SECONDARY ALUMINUM 


Secondary aluminum is often contaminated with foreign material. 
This foreign material may be either metallic or non-metallic. Free iron 
in the form of nuts, bolts, pipes, borings, turnings, ete., and babbitt metal 
bushings, either attached to crank cases and other automotive parts, or 
present in borings, turnings, etc., make up the bulk of the metallic foreign 
material. Grease, oil, dirt, paper, moisture and aluminum oxide, con- 
stitute the majority of the non-metallic materials associated with second- 
ary aluminum. In case the metallic foreign materials associated with 
the secondary material are present in appreciable quantities, they must 
be removed before remelting takes place, or they will alloy with the alumi- 
num and materially alter the composition of it. The non-metallic impuri- 
ties either volatilize or are skimmed off on remelting. The metallic 
recovery from any lot of secondary aluminum is, therefore, to a great 
extent dependent on the percentage of foreign metallic and non-metallic 
material associated with it. The fineness of the secondary aluminum 
also bears a relation to the recovery. 

Assay.—In order to determine approximately what recovery may be 
expected from any lot of material an assay should be made. This is 
especially true in the case of borings, skimmings and other fine material, 
as well as thin gage sheet, foil and extremely dirty material. Two forms 
of assay commonly in use are the laboratory ‘and shop assays. The 
character of the material determines which method of assay should be 
employed. The laboratory assay gives a slightly higher recovery; 
while the shop assay more nearly approaches the actual working condi- 
tions and gives a recovery nearer to that obtainable in practice. 
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Laboratory Assay.—In making a laboratory assay for borings, turn- 
ings, sawings, buffings, and grindings, the following physical and chemical 
characteristics should be determined: (1) percentage of oil and moisture; 
(2) percentage of free iron; (3) metallic recovery, and (4) chemical analy- 
sis of recovered metal. 

The sampling should be done in such a manner that it will be repre- 
sentative of the entire lot. This is best accomplished by taking a 
small quantity from various locations throughout the entire lot, and 
mixing these samples thoroughly. Aliquot portions should be taken 
until a sample of approximately 1 to 2 lb. is obtained. From this 
sample, 200 gm. are taken, spread ona watch glass, and dried in an oven 
for 1 hr. at 105° C. (221° F.) in order to expel the moisture. After 
cooling the sample in a desiccator it is reweighed, and the percentage 
of moisture calculated. 

The dried sample remaining after the moisture has been expelled is 
thoroughly washed with gasoline in order to remove the oil. It is again 
dried and weighed. The percentage of oil present can then be calculated. 
The weighed sample, remaining after the free iron has been removed, is 
placed in a small graphite crucible in a muffle type electric furnace and 
heated to 704° C. (1300° F.). The crucible is then removed from the 
furnace, and 6 gm. of zine chloride stirred into the molten metal until finely 
divided dross rises to the surface. The molten metal is poured from 
beneath the dross leaving only the dross in the crucible. Three grams of 
zine chloride are added to the dross in the crucible and stirred in. The 
crucible is emptied and the contents allowed to cool. The dross is 
screened through a 20-mesh screen, and the metallic globules of aluminum 
remaining on the screen retained. The total aluminum recovered is 
weighed, and the percentage recovery determined. The recovered 
aluminum is then analyzed. 

Shop Assay.—The metallic content of skimmings, sweepings, drosses 
‘and similar materials, vary appreciably within different sections of the 
same lot of material. For this reason it is extremely hard to secure a 
representative sample, and such types of material should be purchased 
on a metallic recovery basis rather than on the results obtained from a 
laboratory assay. If, however, the material cannot be purchased on 
this basis as large a sample as possible should be obtained for a shop 
assay. If the material is crumbly it should be crushed in a pulver- 
rizer to loosen the dust from the aluminum particles, and then passed 
over a 20-mesh screen. The material which does not pass through 
the screen is remelted in the manner described under the pot method 
of remelting skimmings later on in this article. Having the original 
weight of the material and the weight of the metal recovered, the 
percentage recovery can be obtained. From the recovered metal a 


chemical analysis is made. 


* i 
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REMELTING EQUIPMENT AND PREPARATION OF SECONDARY ALUMINUM | 
FOR REMELTING 


Clip and Sheet.—Clip and sheet require no special preparation for 
remelting, unless it is desired to bale it for convenience in handling. 

Foil.—Clean foil may be briquetted and charged like heavy clip 
yielding high metal recovery. Such foil as is interleaved with paper 
presents another problem. The paper must be removed before the foil 
can be remelted. This may be accomplished by burning the paper off 
over a grating with a limited supply of air. The burning must be done 
very slowly or the foil will be badly oxidized and a very low recovery 
will result. 

Castings Secondary aluminum castings are used almost exclusively 
in the production of alloys for sand foundries. Before this grade of scrap 
can be used, it should be cleaned of as much of the foreign material as 
possible. This foreign material may consist of sand, grease, iron, babbitt, 
brass bushings, etc. The metallic foreign matter, such as nuts, bolts, 
pipes, bearings, etc., may be either removed by hand or by lquating; 
while the non-metallic contaminations, oil, grease, dirt, etc., may be 
either scraped off or burned off. Scrap castings are often in large pieces 
which cannot be charged into small pots, and unless a reverberatory 
furnace is employed, they must be broken up. 

Borings.—Aluminum borings contain varying percentages of foreign 
matter such as dirt, iron and steel chips, cutting compounds, ete. The 
percentage Of metallic and non-metallic foreign matter, associated with 
the aluminum borings, will vary from a fraction of a per cent. in some 
cases to as high as 60 to 80 per cent. in others. 

The cutting compound with which aluminum borings are soaked is, as 
a rule, either an oil-base or a water-soluble alkaline base compound. If 
the compound is a water-soluble alkaline base compound, the borings 
are very apt to disintegrate if allowed to remain in storage for any length 
of time. For this reason, the compound should be removed in a ecom- 
paratively short time. Ouil-base compounds do not cause the borings to 
disintegrate, and borings soaked in such compounds may be stored for 
indefinite periods before remelting. As a rule, however, the longer the 
borings stand before refining the lower the recovery will be. The most 
common methods for removing the cutting compound are in either a 
centrifugal or rotary steel drier. 

If more than 1 or 2 per cent. of metallic or free iron is present, it 
should be removed before the borings are remelted. This is best done by 
passing the borings through a magnetic separator after they have been 
dried of the cutting compounds. Machine shops have been made to 
see the advantage of exercising great care in segregating aluminum borings 
from other foreign matter, consequently, a better grade of aluminum 
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machine scrap results, and in a great many instances it is not necessary 
to pass them through a magnetic separator. 

Some plants briquette the borings before charging them into furnaces 
for remelting. Much has been said pro and con by Sperry,® Hirsch,” 
Gillett," Gillett and James," and others. The chief claim for briquetting 
borings is that sufficiently high recovery is obtained to more than offset 
the cost of briquetting. The authors, however, after a careful investiga- 
tion have been unable to bear out this statement. The results in 
Table 2 show that in this test no advantages have been gained from 
briquetting borings. 


, 


. 


TABLE 2.—Comparison of Operating Efficiencies, Briquetted and Loose 
Borings from the Same Lot of Material 


Figures for Loose Borings Arbitrarily Taken as 100 and Ratios Calculated for 
Briquetted Borings 


Ratio of Briquetted Borings 
to Loose Borings Mechan- 
ically Puddled in Iron Pots 


IREGOWGIAY so 3.05 ole oc talc sa Oe Bin ee ne Bae ae ar | 93.7 to 100 


Oharvemate per furnace, DOUL..).<...5..52+4ronee oo behest 81.8 to 100 
Charge rate per man hour, direct labor.................. 79.2 to 100 
Ingot produced per man hour, direct labor............... 106.6 to 100 
ino produced perturnace hour.,....2.-.........--.:-> 106.9 to 100 
Incotproduced sper cal: fueloilyecss.. 4.020500 0606 oes 94.7 to 100 
Iingoceproduced per. lbetixeemya-nsem ie auras el ee: 99.3 to 100 
BrOGUCHONECOSUSH oe EET om seis touas sia se earce 139.7 to 100 


Skimmings and Dross.—This material varies in aluminum content 
from only a few per cent. in some drosses to as high as 95 per cent. in 
‘‘skimballs.”’ If the skimmings are crumbly, and contain a large per- 
centage of fine dust and oxide, it is advantageous to remove the fine 
material before remelting. This may be accomplished by crushing the 
material in a suitable hammer mill. The action of this mill is not so 
much to crush the skimmings as to jar loose the fine dust. The fine 
particles may then be removed by passing the crushed material over a 
20-mesh vibrating screen. The fine material which passes through is 
practically free from recoverable material, and is discarded. That which 
does not pass through the screen is ready for remelting. Before charging 
it into the furnace, however, the operator should remove the free iron. 


9. 8. Sperry: The ‘‘Ronay”’ Process of Briquetting Metal Chips. Brass World 
(1911) 7, 41. 

10), F. Hirsch: Metallbriketts. Hlektrotech. Zeitschr. (1914) 35, 1092. 

1H. W. Gillett: Melting Aluminum Chips. Trans. Am. Inst. Metals (1915), 


9, 205-210. 
12H, W. Gillett and G. M. James: Op. cit. 
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Meruops AND Cost or RECOVERY 


Clip and Sheet.—Clean clip and sheet require no special remelting 
process. It may be charged directly into the furnaces; however, it is 
best to charge this grade of material after a molten heel has been obtained 
and submerge it immediately. In so doing, the chances for oxidation 
are minimized. Dirty clip and sheet should be remelted by puddling 
into a molten heel and fluxing. 

Foil.—Clean foil may be successfully remelted in an iron pot furnace 
provided extreme care is exercised over the temperature of the molten 
heel at all times. The success of this operation depends upon keeping 
the heel pasty, and stirring the foil into this pasty mass. The only time 
the temperature should be allowed to rise much above the melting point 
of aluminum is during the fluxing operation. The temperature of the 
bath should be lowered before charging more foil. Foil from which the 
paper interleaves have been burned still contains charred paper. This foil 
may be remelted in the same manner as described for clean foil, but with 
slightly lower recoveries. It is difficult to remelt foil in a reverberatory 
furnace because of its tendency to float on the bath. Clean foil, which 
has been briquetted, may be remelted with very little oxidation by pud- 
dling into a molten heel. 

Cable.—As previously stated aluminum cable is either all aluminum, 
or steel-reinforced, and may be either bare or insulated. Pure aluminum 
cable presents no remelting problems, and may be used directly in making 
castings in place of ingot, unless too highly oxidized. 

In the case of steel-reinforced cable, the aluminum strands should be 
separated from the steel wire core before remelting. This type of cable 
may be cut into lengths of 6 or 8 in. by means of a power shear. The 
pieces of steel wire are separated from the aluminum strands by a mag- 
netic separator. The pieces of aluminum wire may then be used directly 
in making high grade remelt ingot. Another method of melting this type 
of cable is that of melting the aluminum away from the steel wire as the 
cable is drawn through or over a bath of molten aluminum in a reverbera- 
tory furnace. This method is wasteful, however, as much of the alu- 
minum sticks to the steel wire and is lost. 

Insulated cable may be used direct in small amounts in making alloys 
in a reverberatory furnace; however, the burning insulation causes much 
smoke and dirt. It is better to remove the insulation first. This may 
be done by stacking the cable in piles and igniting it. The insulation is 
burned away, and the metal is left, usually mixed with burned material. 
It may be remelted, fluxed, and cast into remelt ingot. 

The chief difficulty encountered in remelting cable is its unwieldiness. 
Scrap cable is usually shipped in coils of 3 or 4 ft., dia. which weigh 
approximately 100 Ib. If a reverberatory furnace with sufficiently wide 
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door openings is used for remelting, the coils can be charged readily 
without trouble. If a furnace of this type is not available, it is better to 
cut the coils in half. 


Castings—Scrap castings present no remelting problems provided 
they have been cleaned or are clean. They should, however, be sub- 
merged in a molten heel on remelting to prevent excessive oxidation. 
In melting dirty castings, the use of a flux may result in a higher recovery. 

Borings——Aluminum borings may be remelted in both iron pots and 
reverberatory furnaces, either by hand or mechanical puddling processes. 
The various steps carried out in a plant for refining borings are shown in 
Fig. 2. 


Primmar Clean 
Borings Refuse Borings 
Furnace 

Primary Bor- Borings 
ings Dross Inge 
Pulverize A Remelt 
& Screen HZ Allo 
Screened Primary 
Borings Dross 

Secondary 
BoringsRefuse 


Primar: 


Skim- Skimmings Borings 


Primary Ski 
mings Dross | 


Secondary Skim} 
mingsRefuse 


Fic. 2.—FLow SHEET OF BORINGS AND SKIMMINGS RECOVERY PLANT. 


Hand Puddled.—Puddling by hand is probably the oldest method used 
for recovering borings. The furnace may consist of an iron pot in a steel 
shell lined with fire brick. Either natural gas or fuel oil may be used. 
If a 300-lb. furnace is used, a molten heel of 80 to 100 lb. should be 
obtained by remelting boring ingot. Borings may then be added very 
slowly to this heel and stirred into it with an iron bar. This practice 
should be continued until the pot is nearly full when some suitable flux, 
such as zine chloride, or a combination of zine chloride and cryolite, is 
added. The charge should be only partially pigged and the operation 
started over. This process is not only slow, but tedious and back-break- 
ing. The recovery obtained from hand-puddled borings depends upon 
not only the skill of the operator but also the vigor with which he works 
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the mass. Even the most skilled operators become fatigued before an 
8-hr. shift has elapsed, and the recovery drops. 

Mechanically «Puddled——Where production warrants, mechanical 
puddling methods should be employed. Depending upon the amount of 
borings to be recovered, either an iron pot or reverberatory furnace with 
mechanical puddling equipment may be used. Mechanical puddling is 
more satisfactory than hand puddling in that it, to a great extent, removes 
the human fatigue element. That type of puddler which mixes the 
borings into the molten heel most readily and uniformly has been found 
to give the best results. Different types of mechanical puddlers may be 
advisable for different types of material being handled and for different 
types of furnaces employed for remelting. In general though, it may be 
said that any mechanical puddler which will successfully handle borings 
will handle sawings and similar materials, and that any mechanical pud- 
dler which will handle skimmings will also handle drosses. A puddler 
which gives the best results on iron pot furnaces is also apt to give the 
best results on reverberatory furnaces. 

Salt Process.—In this process, a quantity of salt is melted, preferably 
in a reverberatory furnace. Thoroughly dry borings are then charged, 
and puddled by hand into this bath, the object being to submerge the 
borings as quickly as possible. This tends to reduce oxidation to a 
minimum, thus increasing final recovery. 

It was found in a thorough test of this method that the increase in 
recovery was only 0.4 per cent. over mechanical puddling. In this test, 
the slight increase in recovery was offset by greater production costs. 
The charge rate was reduced to about one-third, and the fuel costs 
increased. This method was found by the authors to be severe on the 
furnace lining, and the ascending acid fumes corroded the iron in the 
building and equipment. 

Skimmings.—Aluminum skmmings may be remelted in either iron 
pots or reverberatory furnaces. The routing of skimmings through a 
remelting plant is shown in Fig. 2. It is essential that the skimmings be 
charged into the furnace as free as possible from iron, dirt and aluminum 
oxide, Such impurities materially affect the recovery and cost, and 
where possible these should be mechanically removed before remelting. 

Pot Method.—In pot melting, a stationary iron pot furnace may be 
used. As a rule, these furnaces are fired with either natural gas or fuel 
oil. The authors do not feel that the size of the pot is of much importance 
as they have found that the slightly higher percentage recovery obtained 
in a pot of 300-Ib. capacity is offset by a higher hourly charge rate for a 
pot of 900-lb. capacity. 

It is best to charge the mechanically cleaned skimmings into a heel of 
molten metal. This heel is usually about one-third of the capacity of the 
pot. The size of the initial charge of skimmings should be sufficient to 
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make the whole mass pasty, yet small enough to be easily stirred into the 
heel. After a pasty condition is obtained, the charging and puddling is 
continued at a rate which will just keep the mass pasty. When the pot 
is half full, a small amount of flux should be added, then the entire pot 
charged full of skimmings, and allowed to heat without stirring. The flux 
added at this time aids in liquefying the charge in the bottom of the pot. 

After the charge is thoroughly heated, the stirring should be resumed 
until the whole mass becomes uniformly heated, and the lumps broken up. 
This is best done by means of a hook-shaped flat bar, driving the hook to 
the bottom of the mass and turning the hot skim over the colder skim on 
top. The charge now consists of a bottom of molten metal with the oxide 
and dirt on top, and presents the appearance of red hot sand with 
globules of metal showing through it. The charge is now ready to flux. 

Any suitable flux may be used. A small amount of mixture consist- 
ing of 85 per cent. cryolite and 15 per cent. zine chloride, sprinkled over 
the surface of the red hot skimmings and stirred in, has been found to 
give satisfactory results. On continuing the stirring, the dross will 
begin to glow, and eventually become intensely white hot. Here it shows 
a tendency to ball up. The stirring is continued in order to break up 
the balls of dross, and to cool the whole mass to a bright orange color. 
By this time, any remaining balls of dross break up easily when rapped, 
and the mass has a powdery appearance. It can now be skimmed off 
with a perforated skimmer, care being taken to rap each skimmerful on 
the edge of the pot to remove any remaining metal. The dross is allowed 
to slide down an inclined, vibrated, corrugated cast iron plate to cool 
it, and spread at the bottom to permit thorough cooling. The metal 
remaining in the pot is partially pigged, and the operation started over. 

Reverberatory Method.—For reverberatory remelting of skimmings, 
a natural gas or fuel oil-fired reverberatory furnace may be used, with the 
hearth, or bath, divided into two parts. One side of this hearth is 
entirely enclosed, and heated by direct flame from the burners. The 
other side is open, and is used as the working side. Connection between 
the two sides is maintained by low arched passages through the dividing 
wall below the surface of the molten metal. A heel of approximately 
half the capacity of the furnace is melted down, and flows out through 
the arches into the open or working side of the furnace to the same level 
as that inside in the heating chamber. The skimmings are then charged 
on top of the molten metal in the outside compartment and stirred into 
the heel with iron stirring bars. When the skimmings have become red 
hot a small amount of flux is added on top of the skimmings and stirred in. 
By stirring after adding the flux the whole mass of skimmings will be 
brought up to a white heat and will lump up. These lumps should be 
broken up and the stirring continued until the white heat has substan- 
tially disappeared. The dross will then be skimmed off with a perforated 
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ladle and passed over an inclined corrugated iron plate to cool. The 
cooled dross is then screened and crushed to separate mechanically 
as much as possible of the remaining metallic shot from the non-metal- 
lic dross. 

The chief precaution to observe in remelting skimmings in either iron 
pots or reverberatory furnaces is that the addition of flux be carefully 
controlled so that no fluxing action takes place until as much metal 
as possible has first been worked out of the skimmings by hand puddling. 

Grindings.—In remelting grindings, the chief factor in successful 
operation is close temperature control. The lowest temperature at 
which the grindings will melt should always be maintained. For this 
reason, it has been found best to use an iron pot of about 300-lb. capacity. 
As in the case of borings, a molten heel is added to the iron pot, and the 
grindings stirred in with an iron stirring bar. As soon as the grindings 
are at a red heat a small amount of flux is added, and the mass brought up 
to a white heat by continued stirring. The resulting dross is stirred until 
as much as possible of the aluminum particles is worked out. It is 
then skimmed off with a perforated skimmer and cooled. The furnace 
is partially pigged and the operation started over. 

Buffings —Buffings may be run in exactly the same way as grindings, 
when they are clean enough, and contain enough metal to permit this 
method of handling. A little should be charged at a time, and should 
be worked in thoroughly before continuing the charge. Buffings will 
not show a very good charge rate or percentage recovery as there is very 
little aluminum in them, and the aluminum which is present is very 
finely divided. 


Manufacture of Sterling Silver and Some of Its Physical 
Properties 


By Rosert H. Leacu* anp C. H. Cuatryeip,{ BripcEport, Conn. 


(New York Meeting, February, 1928) 


Tus paper gives a brief summary’ of the process of manufacture of 
sterling silver, and some of its more Important physical properties, as 
observed in commercial production of rolled sheet and wire. Although 
papers have been published by Turner and Smith,' Rose,” Sperry*® and 
Jordan,‘ there are few technical data available, and unfortunately the 
time allowed for the preparation of this paper has not been sufficient to 
make it as comprehensive as the title might indicate. 


ANALYSIS OF STERLING SILVER 


Fine or pure silver is too soft for coinage and the manufacture of 
articles in which strength and resistance to wear are desired. From the 
earliest times of which we have record, copper has been the metal gen- 
erally used to harden silver. Analyses of coins and silver articles from 
ancient tombs show varying amounts of copper, and old Roman silver 
objects in the British Museum have approximately the same analysis as 
our sterling. The first authentic record of the establishment of a stand- 
ard alloy is during the reign of Henry II in England. During the 
twelfth and thirteenth centuries, the people in the Eastern Provinces of 
Germany had a reputation for the standard and purity of their silver 
coinage, and it is said that Henry II employed some of these Easterlings, 
as they were called, to improve and standardize the English coinage, 
which had become debased. The peculiar standard adopted is probably 
accounted for by the system of weights used. A troy pound contains 
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240 pennyweights, and the standard adopted was 11 oz. 2 pwt. of fine 
silver and 18 pwt. of alloy, the word “alloy” being used to designate the 
base metal. 

Silversmiths adopted this same standard for their silver plate and 
have continued to use it ever since; the name “‘sterling”’ evidently being 
a contraction of ‘Easterling Alloy” as the standard alloy was called. 
Expressed in percentage, the silver is 92.5 and copper or other base metals 
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Fic. 1.—StvER-COPPER EQUILIBRIUM DIAGRAM. 


7.5. It is customary to designate the proportion of silver by parts 
per thousand, therefore sterling is called 925 thousandths fine. This 
silver fineness is fixed by law and only alloys containing this proportion of 
caleeenitese ae WoyLete 2 o5 ” Sam 
silver can be stamped “‘sterling.” The remaiming percentage may be 
copper or any othermetal. In the United States, the use of sterling silver 
is confined almost entirely to the manufacture of silverware and jewelry, 
as our coinage is only 900/1000 fine. 

Copper is the base metal of the sterling silver considered here. The 
equilibrium diagram of the silver-copper alloys is given in Fig. 1. Rob- 
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erts-Austen? and Heycock and Neville® originally determined the melting 
points of a series of alloys upon which this diagram is based. The eutectic 
has the approximate composition of 72 per cent. silver and 28 per cent. 
copper. As it has been generally assumed that silver will hold 5 per cent. 
copper in solid solution and copper will hold 5 per cent. silver in solid 
solution, these solid solubility limits are shown by dotted lines, but the 
authors’ experience raises some question as to the accuracy of this assump- 
tion. Using this diagram, however, as a basis and a similar method of 
computation given by Jeffries and Archer,’ we find that sterling silver 
contains a per cent. eutectic and 89 per cent. solid solution. The eutec- 
tic contains 72 per cent. silver and 28 per cent. copper and the solid 
solution 95 per cent. silver and 5 per cent. copper. 


MELTING AND CASTING 


Sterling silver is melted usually in ordinary graphite crucibles, using 
gas, coke or oil as fuel. There is no accepted temperature at which the 
metal should be poured. The melting point of sterling silver is 1640°F., 
and pouring temperatures ranging from 1850°F. to 2300°F. are used. 
The temperature of the mold, method of pouring and rate of chill, are 
all variables that have to be considered with the temperature of the metal, 
but in general, experience indicates that when other conditions are prop- 
erly controlled, temperatures between 1900° F. and 2000° F. will produce 
sound castings. Metal to be used for making rolled sheet or wire is 
poured into cast-iron molds similar to those used in the brass industry. 

The weight of individual melts varies widely, but in large-scale produc- 
tion, ingots are made weighing approximately 1000 troy ounces. A 
typical ingot weighing approximately 1000 oz. will be 10 in. wide, 18 in. 
long and 11¢ in. thick, which makes a convenient size for rolling wide 
sheets. For narrow sheets, ingots are made from 5 to 7 in. wide by 24 in. 
long and 11¢ in. thick. Wire bars are cast in either circular or square 
cross-sections and weigh from 50 to 150 troy oz. For those accustomed 
to think in avoirdupois weight, the number of troy ounces divided by 15 
will give the approximate avoirdupois pounds, the actual number of troy 
ounces in an avoirdupois pound being 14.583. 

The operations of melting and pouring require careful regulation if 
sound ingots are to be produced, as the alloy is especially sensitive to 
oxidizing or reducing atmospheres. Various fluxes and so-called deoxi- 
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dizers are used for correcting poor metal, but proper control of the con- 
ditions under which the melting and casting is done is the best assurance 


of success. 
ROLLING 


After the ingots are removed from the molds, they are cleaned, and in 
order to insure a surface free from scale, it is customary to overhaul them 
before rolling. This overhauling also allows a better inspection of the 
ingot for pinholes or other defects. 

The amount of reduction at a pass and the total reductions between 
anneals are dependent upon the size of the rolling equipment. The 
procedure outlined in this paper is based on a breaking-down mill having 
rolls 19-in. diameter by 32-in. face, driven by a 150-hp. motor; a running- 
down mill 18 by 30 in. driven by a 75-hp. motor, and a finishing mill 18 
by 30 in. driven by a 75-hp. motor. The overhauled bar is reduced from 
a little over 1 in. in thickness to !4 or 3g in. before annealing, about nine 
passes being required for this reduction. Bars not exceeding 14 in. 
in width are rolled to 3g in. and wider bars to 19 in. After annealing 
at 3¢ in., the narrower bars are rolled to a minimum of #14 B&S 
gage, which requires from 10 to 14 passes, depending on the width. The 
wide bars are rolled from !4 in. to #4 B & §, then annealed; then rolled to 
#10 B & 8, annealed and rolled to 414 B & 8S. From #14 B & 38, the 
reductions between anneals will run from 40 to 50 per cent. 

Table 1 shows the hardening effect of cold rolling. 


TaBLE 1—Hardening Effect of Cold-rolling Sterling Silver 


Scleroscope* Ly g-in. elt ae Load 
Gage, Inches — — - = — 
Hard Annealed Hard Annealed 
As Cast 15 25.0 
0.375 28 18 77.0 42.0 
0.065 36 16 $6.0 31.0 
0.032 30 18 79.0 43.0 
0.015 28 12-13 77.0 15.0 | 
0.008 23 11-12 65.0 10.0 ; a 
0.005 20 12 52.0 10.0 | 


* Universal Hammer. 
* Rockwell tests on thin metal show wide variations. These empirical figures are 
based on a large number of determinations. 
ANNEALING 
Annealing is done in muffle furnaces heated by gas, oil or electricity. 


Experience has shown that temperatures above 1000° F. are necessary for 
softening at a reasonable rate and in consequence, when the annealing is 
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done in open furnaces or exposed to the air, the surface is rapidly black- 
ened by oxidation of the copper. In the silversmithing industry, this 
oxidation is called “fire” and stock which has been protected from oxida- 
tion during annealing is called ‘“‘fireless.”” After annealing, the metal is 
dipped in a dilute solution of hot sulfurie acid, containing from 5 to 10 
per cent. acid, and the black copper oxide is dissolved, leaving a white 
matte surface. 

In order to prevent this oxidation, varjous types of sealed muffle 
furnaces are in use and the annealing is done in an atmosphere from which 
the air is excluded. Walker’ conducted some experiments from which he 
concluded that the best results are obtained when the annealing is done 
in a closed muffle filled with producer gas. Experience has shown that a 
water-sealed furnace using a steel retort into which a small amount of 
steam is constantly injected allows the annealing to be done at a tem- 
perature of 1200° F. with no appreciable oxidation. 

The pickling in sulfuric acid removes only part of the oxide and the 
silversmith is compelled to resort to a “fire dip” (1-1 nitric acid) to 
remove the last traces, or else cut off the surface to a sufficient depth to 
eet below the scale. Hither operation is relatively expensive and removes 
considerable silver which afterwards has to be reclaimed. The depth of 
penetration of this oxidation depends on temperature, time and degree 
of exposure to the air. In order to obtain some idea as to the rate of 
oxidation during annealing, the following tests were made on a number 
of specimens. 

Samples of sterling silver, free from oxygen, were heated in an alundum 
boat filled with finely ground alumina so that only one surface was exposed 
to the air. There was some slight oxidation of the lower surfaces. These 
specimens were weighed before and after each anneal and air was blown 
over the surface during annealing, in order to accelerate the action. In 
order to form some basis for comparison, it was assumed that the action 
of the air would oxidize the copper to cupric oxide. Theoretically, 140 
mg. of oxygen will oxidize 0.397 mg. of copper to cupric oxide. It 
follows, therefore, that if we multiply the increasing weight during any 
given anneal by the factor 0.397, we will obtain the weight of the copper 
that is oxidized. This value divided by the total weight of copper in the 
specimen will give the percentage of the copper oxidized, and this per- 
centage multiplied by the gage of the metal will give the average depth 
to which the oxygen had penetrated. The specimens used for this test 
had a fineness of 926.8 parts per thousand; they were all from the same bar 
but were rolled to different gages. The tests were conducted on a large 
number of specimens at temperatures ranging from 1200° F’. to 1400° F. 


8 W. H. Walker: Annealing Sterling Silver. Jnl. Amer. Chem. Soc. (1909) 29, 
1198. 
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The diagram on Fig. 2 shows the results obtained at 1200° F. and 
1400° F. As would be expected, the gage had little effect and the curves 
show the average values for all gages at the different temperatures. The 
most noticeable fact is the very rapid increase in rate of oxidation when 
the temperature is raised from 1200° F. to 1400° F., particularly during 
the first half hour. 
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Fic. 2.—OXxIDATION OF STERLING DURING ANNEALING IN AIR. 


PuysiIcaL CHARACTERISTICS 


As already explained, the first debasement of silver with copper was 
simply to give it strength and resistance to wear and to make an alloy 
suitable for coinage purposes. Silversmiths found that this same com- 
position gave them an alloy of considerable intrinsic value, as well as the 
necessary malleability and ductility for easy working into artistic pat- 
terns, and enabled them to produce finished articles of sufficient hardness 
and strength to resist ordinary wear. 

Until comparatively recent years, silversmithing was mostly done by 
hand and the craftsman had no particular interest in knowing the limits 
of the physical properties; for example, when forming a piece of hollow 
ware, he would carry the work to the point where his experience indi- 
cated that annealing would be beneficial, and he conducted all of his 
operations well within the safe working limits of the alloy. With the 
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substitution of machinery for hand labor a more careful analysis of the 
physical properties has become important. 

There are two main classifications of sterling silver stock: flatware 
and hollow ware. The first class includes the relatively heavy stock from 
about 14 B & S gage and thicker, which is used for spoons and forks. 
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Fic. 3.—PHYSICAL PROPERTIES OF AIR-COOLED STERLING. 
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Fig. 4.—PHyYSICAL PROPERTIES OF QUENCHED STERLING. 


Hollow ware is thinner stock used for cups, vases, plates, cases, trays 
and similar articles. Tubing is made from disks cut from flatware stock 
and drawn to the required size. Spoons and forks are rough-blanked 
from heavy sheet, then hammered or grade-rolled and passed through 
suecessive blanking and stamping operations to the finished article. 
Hollow ware is stamped, drawn, spun or hammered to the shape desired. 
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In addition to cold working, hollow ware is also subjected, in many 
instances, to soldering operations. Therefore, if machinery is to be used 
in the various operations, an accurate knowledge of physical properties 
is necessary if the greatest economy of production is to be effected. 

The following data are the results of investigations conducted at the 
plant of Handy and Harman over a period of years. From a strictly 
scientific point of view, much work remains to be done, but the authors 
feel justified in presenting this contribution to the general knowledge of 
the more important physical properties of sterling silver. 

Fig. 3 is a diagram of the tensile strength and hardness of sterling 
silver 0.065 in. thick after annealing for one hour at temperatures from 
600° F. to 1400° F. ‘The values shown in Fig. 3 are based on air cooling to 
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Fic. 5.—OLSEN CUPPING TEST. 


approximately room temperature. Fig. 4 shows the same physical 
properties as Fig. 3 but the stock is quenched at the annealing tempera- 
ture. These diagrams show that for practical purposes a temperature of 
1200° F. will satisfactorily anneal sterling silver. They also show some 
wide differences in physical properties between air-cooled and quenched 
sterling silver when annealed at temperatures above 1200° F. Fur- 
ther investigations as to the exact cause of these differences are 
being conducted. 

The ductility of sterling silver is relatively high and Fig. 5 shows the 
results of cupping tests made with a standard Olsen machine. The 
specimens were all 0.065 in. thick and the annealing period was one hour. 
It is interesting to observe the difference between air-cooled and quenched 
sterling silver at the higher temperatures. The grain produced by 
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cupping is noticeably coarser at temperatures above 1300° F., particularly 
in the case of the quenched stock. 


METALLOGRAPHY 


Etching.—Although alkaline copper-ammonium chloride and ammo- 
nium persulfate are sometimes recommended for etching sterling, heat- 
tinting has been found to be the most satisfactory means of developing 
the structure of the silver-copper eutectic. Neither one of these etching 
reagents nor the heat-tinting process will bring out the structure of the 
solid solution. The authors have had the best success in etching the 
solid solution with the mixture of chromic acid and potassium dichromate 
described below. This reagent was brought to our attention by HE. A. 
Anderson, who used it in connection with some metallographic investiga- 
tions of pure silver at the Hammond Laboratory, Yale University. 


Solution A. OLsssium GICHTOMALE. «2.060.626 soe ce ee ee ees 2 gm. 
Nes Tet Os ee eee ae 100 ec. 

SOlg ORE GNEGNNG ACI se Kh fn Pe Rak eee ee a 20 gm. 
Re UES Gee BE we eee oS olulss coche aate as ay 15 gm, 
SILER PETE. oo aban oR ee LOO er: 


Solution A is diluted to 20 volumes and an equal volume of Solution B 
is added. When properly mixed and applied with a camel’s-hair brush, 
a red silver chromate should form; this remains granular and does not 
adhere to the surface of the specimen. If the chromate adheres, more 
Solution A should be added, and if no chromate forms, more of Solution 
B is needed. 

Description of Photomicrographs 


A magnification of 200 X was used for all photomicrographs given 
in this paper. Unless otherwise stated, the specimens were cooled in air. 

Fig. 6 shows a heat-tinted specimen with the structure typical of cast 
sterling. The dark irregular portions are the eutectic, which under higher 
magnification may be seen to have the lamellar structure characteristic 
of eutectics. In Fig. 7, the cast structure has been developed by etching. 

Figs. 8 and 9 show heat-tinted and etched specimens of cold-rolled 
sterling. It is difficult to distinguish between annealed and cold-rolled 
sterling under the microscope at ordinary magnification, as the directional 
properties imparted to the eutectic by rolling are retained after annealing; 
and the grain size of the solid solution is too small for the distortion of the 
crystals to be detected. Figs. 10 to 15 show the normal structure of 
annealed sterling. These photomicrographs are not radically different 
in appearance from Figs. 8 and 9. 

At 1300° F. there is a marked growth in the grain size but no apparent 
alteration in the amount or distribution of the eutectic, though it is at 
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Fic. 6.—Cast BAR, HEAT-TINTED. XX 200. 

Fic. 7.—Cast BAR, ETCHED. X 200. 

Fic. 8.—HaRD STERLING, 0.065-IN. GAGE AFTER 42 PER CENT. REDUCTION BY ROLL- 
ING. H®AT-TINTED. XX 200. 

Fic. 9.—HArD STERLING, 0.065-IN. GAGE AFTER 42 PER CENT, REDUCTION BY ROLL- 
ING. ErcHED. X 200. 
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this temperature that a decided change in the physical properties of 
sterling may be seen in Fig. 3. Above 1300° F. the eutectic is rapidly 
absorbed by the solid solution, leaving the crystals free to grow without 
obstruction. As mentioned before, the investigation of the effect of heat 
treatment on sterling silver within this range is not complete, but the 


Fra. 18.—ANNEALED av 1400° F. FoR ONE HOUR. Heat-TINTED. X 200 
Via. 19.—ANNBEALED AT 1400° F. ror ONE HOUR. ErcHep. X 200 ay 
Mia. 20.—QUENCHED FROM 1450° F. Ercuep. X 200. 
Fic. 21.—Air-cooLeD FROM 1450° F. Ercurp. X 200. 


experiments already conducted lead the authors to believe that the solu- 
bility of copper in silver at 1400° F. is much greater than the equilibrium 
diagram indicates. If the copper in a sterling alloy was completely 
miscible in silver at 1400° F., the temperature of incipient fusion would 
be raised. The belief that this occurs is strengthened by the fact that 
in the manufacture of sterling articles silversmiths use silver solders that 
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require temperatures of over 1450° F. for complete liquefaction. Further 
confirmatory evidence is presented in Figs. 20 and 21. These specimens 
were quenched and cooled slowly in air after an anneal of one hour at 
1450 °F. Toconform with the equilibrium diagram, approximately 15 per 
cent. of the alloy should be molten at this temperature, but this is not the 
case. It is expected that the investigation of the solubility relationships 
of silver and copper will explain many of the peculiarities of sterling 
encountered by manufacturers of sterling silverware. 


DISCUSSION 


O. W. Extis, East Pittsburgh, Pa. (written discussion).—About four years ago the 
writer had occasion to conduct an investigation of the hardening power of sterling 
silver and in this connection obtained a number of results, which may be of interest as 
enlarging upon that section of the paper devoted to the subject of rolling. Two alloys 
were studied—one a sterling silver such as is described in the paper, the other a erecia! 
silver containing cadmium. 

Small ingots were cast of these two alloys, the ingots being 14 in. thick. These, 
after trimming, were reduced in 18 passes to a thickness of 0.03 in. Brinell hardness 
tests were made on the alloys,_a 14-in. ball being used under a load of 540 kg. The 
following results were obtained: 


SPECIAL SILVER STERLING SILVER 
As cast 57 109 
PeR Cent. REDUCED 
IN THICKNESS 
10.6 119 
14.3 109 
ag Ae. 158 
PPA 143 
29.8 175 
32.7 150 
40.4 194 
44.9 143 
53.2 185 
55.1 158 
59.6 185 
61.3 158 
AO) AL 185 
79.6 194 
80.8 206 


Check tests were made on another ingot of the special silver with the follow- 
ing results: 
As cast 57 


Per Cent. REDUCED 
IN THICKNESS 


19.6 98 
30.8 148 
40.4 156 
50.0 154 
60.0 162 
70.0 166 
70.8 13 


. 
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The results of these tests are presented graphically in Fig. 22. i 

It may be of interest to note that the Brinell hardness numbers of sterling silver 
knife blades such as are used for cutting fruit, ete. tested by the writer lie in the neigh- 
borhood of 150 at the heavier sections of the blades and increase somewhat towards 
the cutting edges of the blades. 


200 


)75 


150 


Ball, 540 kg. Load 


/4, 


Brinell Hardness Number , 
‘S) ) 
°o on 
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0 10 270 30 AO 50 = 60 10 80 
Percentage Reduction in Thickness 


BIG. 22% 


J. B. WarerFieLp, Attleboro, Mass.—I have found in considerable practice that 
temperatures over 2200° F. give me much better working conditions in processing, 
especially in reference to silver that has to be severely spun or drawn. 

In reference to annealing, 1200° C. is altogether too high for deep drafting. There 
or four years ago, I spent about six months with a double chamber furnace, using very 
hot steam with three pyrometers to get a close check, and the temperature of between 
950° and 1000° F. gave me a sufficient softening to get desired results from 1150° 
to 1200° F. 

In reference to any temperature over 1200°, I found that the silver would not stand 
any pronounced punishment; that is, on a piece of hollow ware that had to have a very 
severe edge turned (what we term in the trade a square, o. g.), you would find it 
exceedingly difficult to make that bend if the temperature went much over 1200°. 


C. 8. Smrrx, Waterbury, Conn.—I would like to ask the authors if they have tried 
cathodic etching for developing the microstructure of the alloys. This process, which 
I deseribed in a paper before the British Institute of Metals last year,® consists 
essentially of making the specimen the negative electrode for the passage of an electric 


9 Jnl. Inst. Metals (1927) 38, 133. 
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discharge through a gas (usually air) at low pressure. This method works extremely 
well on copper-silver alloys of duplex structure, and gives excellent contrast between 
the copper and silver-rich solid solutions. 


F. E. Carrer, Newark, N. J.—This paper is of interest to anybody working in 
sterling silver. We note in the first table the softening effect of cold rolling on sterling 
silver. We also can confirm the unexpected change in hardness, ete., at 1200° F. as 
given in Fig. 3 for the air-cooled alloy. I want to thank Mr. Leach, too, for publishing 
this etching agent. We have already proved its value. Until we tried it our photo- 
micrographs were even worse than Mr. Leach’s Rigs. 6 to 17. But if those photo- 
micrographs do not tell us much, certainly Figs. 18 to 21 are really important, showing 
the solubility of copper in silver at 1400° F. to be greater than the Heycock-Neville 
diagram gives. , 


B. Ecrsere, Meriden, Conn.—The authors say that the molds are of the same type 
that are used in the brass foundries and they might be 10 in. wide, 18 in. long and 1} 
in. thick. I would like to ask if the authors have had any experience with ingots of 
that type bridging over somewhere between the bottom and the top before the metal 
has cooled down, leaving the possibility for shrinkage cavities below the top. The 
tool-steel manufacturer, by hot working, can weld small cavities, but even then he 
uses a tapered ingot, large end up, hoping at least to locate the cavity at the top. 

The non-ferrous manufacturer works the ingots mostly cold and has therefore only 
small opportunity to weld cavities. It seems, therefore, that some benefit might be 
obtained by transferring the steel man’s experience to the non-ferrous field. 


E. M. Wiss, Bayonne, N. J.—I would like to confirm the observations of the 
authors regarding the variation with the temperature of the solubility of copper in 
silver, and would add that considerable change in solubility occurs below 1200° F. 
This change in solubility renders possible the age hardening of these alloys. Some 
experiments carried out six years ago at the Wadsworth Watch Case Co. showed that 
quite pronounced age hardening could be effected. Standard sterling silver annealed 
and quenched from 650° C. showed the following properties: elongation, 42 per cent.; 
yield point, 19,680 lb. per sq. in.; ultimate tensile strength, 37,400 lb. per sq. in. 
The same alloy after quenching from 650° C. and aging at 325° C. for 30 min. showed 
the following properties: elongation, 26 per cent.; yield point, 30,000 lb. per sq. in.; 
ultimate tensile strength, 43,400 lb. per sq. in. 

An aluminum content alloy was developed which showed much greater strength 
after age-hardening. This alloy (Ag, 92.5; Al, 4; Cu, 3.5) when quenched from 650° 
C., showed the following properties: elongation, 55 per cent.; yield point, 19,820 lb. 
per sq. in.; ultimate tensile strength, 51,600 lb. per sq. in. The same alloy after 
quenching and aging at 395° GC. for 30 min. showed the following properties: elongation, 
12.5 per cent.; yield point, 69,300 Ib. per sq. in.; ultimate tensile 77,800 Ib per sq. 1n. 


E. A. Capition, Attleboro, Mass.—We have found the addition of 0.5 per cent. of 
copper phosphorous very beneficial in the melting of sterling silver. We make rolled 
sterling plate in which the sterling is soldered on to a base metal. When this composite 
plate has been rolled down to about 0.020 in., the silver may be not exceeding 0.003 or 
0.004 in. thick. At that point, the silver plate after annealing 1s very much pitted and 
full of small blisters and streaks. We have found that adding 0.5 per cent. of copper 
phosphorus containing 15 per cent. phosphorus reduces pitting to the vanishing point, 
and the plate obtained is extremely smooth instead of being rough, asin the former ease. 

We also obtained the same results as Mr. Leach relative to annealing; for the air- 
cooled specimens, the minimum hardness was at 1200° F. 
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R. H. Leacu.—Mr. Waterfield has made some very positive statements which are 
seemingly contradictory to the results we have obtained in our own practice. I still 
feel that, from our experience, a temperature of 1200° F. is a proper annealing tempera- 
ture for sterling silver. There may be special cases where this particular low tempera- 
ture will be beneficial. I am not prepared to say. Time is an element and all 
metallurgical reactions are time and temperature reactions. It is necessary in 
commercial work to compromise on the time and temperature. 


R. H. Leacn (written discussion).—The authors appreciate the interest shown in 
the paper and the contributions by various members. This added information, with 
the exception of the remarks by Mr. Waterfield, is in general agreement with the 
authors’ own experience. 


The Platinum Metals and Their Alloys 


By Freperic E. Cartrer,* Newark, N. J. 


(New York Meeting, February, 1928) 
* 


THERE have been many attempts to prove that platinum was known 

to the ancients, but since no traces of the metal have been found in the 
' relies of early times, it must be concluded that it was not known to 
them. As far as records go, it was actually first discovered in the 16th 
century in a Spanish mine on the Pinto River in South America; from 
which source it received its name of Platina del Pinto (little silver from 
the Pinto). It was more or less of a rarity and was a subject of interest 
to a few chemists only, until the year 1822 when the metal was first 
discovered in Russia. In 1819 there were noticed in the washings of 
the gold sands of the southern part of the Ural Mountains, grains of a 
heavy white substance, but it was not until three years later that this 
substance was found to contain platinum. While at first the amounts 
of platinum brought from the Urals were meager, prospecting soon 
disclosed rich deposits extending over a considerable area, and nuggets 
from 10 to 20 lb. were by no means rare. This discovery assured to 
chemists an ample supply of platinum for their crucibles, ete. 

The ore is now found in various parts of the world but the richest 
deposits are still found in the Ural Mountains. The platinum of com- 
merce is obtained entirely from alluvial deposits at depths varying from 
6 to 40 ft. The sand and gravel of former river beds are subjected to 
a series of screenings and washings to effect the separation of the ore. 
Actually, probably all gold-bearing gravel beds of the world contain 
platinum, and it is more than likely that large quantities of platinum ore 
have been thrown away with the black sand washings from gold placer 
deposits. This is especially true of the alluvial deposits of the Pacific 
Coast in California and Oregon. 

Platinum ore is usually found in the form of rounded or flattened 
grains of “sand,” and occasionally in irregular lumps of the size of peas. 
Large nuggets are very rare. The ore has a metallic luster and is distin- 
guished by its steel gray color, but shows light gray streak when rubbed on 
a hard white surface; it has a high specific gravity, 16 to 19; is infusible in 
the hottest blast furnaces, and insoluble in any single acid. Platinum 
ore is a complex body consisting of the metal in combination with varying 
proportions of the other members of the platinum group; iridium, 


* Research department, Baker & Co., Ine. 
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rhodium, palladium, ruthenium and osmium, together with from 4 to 20 
per cent. of iron. In alluvial deposits, the ore is generally associated 
with iridosmium (the native alloy of iridium and osmium possessing a 
hardness superior to hard tempered steel), magnetic iron and sand, 
garnierite, epidote, and often with zircon, zirconite, ilmenite, peridot, 
quartz, diamond and chrysolite. 

Dr. J. M. Hill gives the following “Hints for Prospectors of 


Platinum:’’! 


“The placer deposits containing platinum are all, so far as known, in the vicinity 
of areas of basic igneous rocks, and it would seem that in any search for new deposits 
of platiniferous gravels the first step is the search for outcrops of peridotite, pyroxe- 
nite, dunite, and serpentine. When areas of these rocks have been found, the gravels 
of the streams rising in them should be washed to ascertain if platinum is present. 
The heavy concentrates found in gravels carrying platinum are usually rich in chro- 
mite and olivine. The character of the rock particles often gives a clue to the source 
from which the gravels were derived. 

“Crude platinum, as it occurs in placer concentrates, is ordinarily a silvery white 
metal which could be confused only with silver and possibly pieces of iron or steel. 
It can be distinguished from both of these metals, as they are soluble in dilute nitric 
acids; crude platinum can be dissolved only in concentrated aqua regia, a mixture of 
3 parts of hydrochloric (muriatic) acid and 1 part of nitric acid. 

“Tn some placer deposits the grains of platinum are coated with a dark film and 
somewhat resemble the grains of the dark minerals chromite, magnetite, or ilmenite, 
from which they are separated by careful panning, as the specific gravity of platinum 
is greater than that of any of those minerals. 

“Platinum will not amalgamate with quicksilver alone, but will amalgamate if 
sodium is added. In ordinary quicksilver amalgamation the flakes of platinum float 
on the surface and can be removed. If sodium amalgam is used, the platinum may 
be separated from gold by agitating the amalgam with water until all the sodium is 
used up to form sodium hydroxide; then the platinum will come out on the surface 
of the amalgam, provided, of course, the amalgam is sufficiently liquid. 

“Platinum has a hardness of 4-5, and can be scratched with a knife. It is so 
malleable that it can be pounded without heating into very thin sheets. It is practi- 
cally infusible; the grains can not be melted together, as particles of gold can. 

“A relatively simple chemical test can be made to determine the platinum. The 
metallic particles are dissolved by boiling in concentrated aqua regia and the resulting 
solution is allowed to remain on the stove till dry. The residue is dissolved again in 
hydrochloric acid and evaporated by boiling till the solution is thick but not quite 
dry. This mass is dissolved in distilled water and a few drops of sulphuric acid and of 
potassium iodide solution are added, which, in the presence of platinum, causes the 
solution to turn a very characteristic wine-red, if much of the metal is present, or to 
a reddish pink in the presence of small quantities of platinum. 

“The test outlined above is fairly delicate, but it can be used to detect traces of 
platinum in the presence of large quantities of iron or other elements. 

‘““A second test may be applied to the aqua regia solution after the resolution in 
hydrochloric acid outlined above. In this test potassium chloride (IXCl) is added to 
the solution, which precipitates yellow crystals of potassium platinic chloride K,Pt Cle 
if platinum is present. < 


1 Mineral Resources for 1916. Pt. 1, Metals. 
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“A third test may be applied. Add ammonium chloride (NH,Cl) to the aqua 
regia solution, which will precipitate yellow crystals of ammonium platiniec chloride. 
if platinum is present. 

“The precipitates from tests 2 and 8 are both insoluble in alcohol but are soluble 
in water and may be reduced to platinum sponge by heating. 

“All these tests are comparatively simple and positive when made on single 
grains, but they can not be relied upon when various other elements are present in the 
material tested. It is, therefore, reeommended that their use be restricted to grains 
of a single mineral picked from the concentrates obtained by panning a sample of 
either rock or gravel.” ¥ 


One of the more important sources of the present day of platinum 
metals is the nickel industry in Canada, several thousand ounces of both 
platinum and palladium being recovered annually, but only small 
amounts of the other members of the group are obtained. This is 
obtained in the refining of the nickel-copper mattes, which result from 
the smelting of the nickel ores. 

Metallurgy—The crude platiniferous materials obtained by the 
screening and washing consist of two constituents: a, the platinum ore 
proper, containing about 80 per cent. platinum, the other metals of the 
group being present in small quantities only; b, osmium-iridium, the main 
contents of which are osmium, iridium, ruthenium, while the other metals 
of the group constitute only a small percentage. Constituent ais soluble 
in aqua regia, b is practically insoluble. 

The crude platinum is crushed fine and treated with aqua regia; the 
platinum goes into solution and from this is precipitated as ammonium- 
platinum chloride, which on heating to redness gives platinum sponge. 
The metals resemble one another very closely and the methods employed 
vary with the proportion in which the individual metals are present in 
the material. As a rule a combination of dry and wet processes has to 
be used. It may be stated that the property, possessed by osmium and 
ruthenium, of forming volatile tetroxides is made use of for separating 
them from the other four platinum metals. The preparation of the pure 
platinum metals from the commercial grades constitutes one of the most 
difficult problems of inorganic chemistry, and naturally the methods 
used are kept secret by the refineries. 

Melting —The platinum metals are generally melted by means of coal 
gas and oxygen or hydrogen and oxygen in a lime crucible; lime was first 
used for this purpose by Deville and Debray and its use has continued to 
this day because, having a very high fusing point, being a good heat 
insulator, and absorbing many of the impurities in the platinum, it has 
proved superior to other refractories. Great improvements in the form 
of the furnace have of course been made and careful control of the gas 
composition is necessary, since the platinum metals are very sensitive to 
eases; the writer has described elsewhere some of the troubles caused 
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by improper melting.? Small melts are made in the so-called Jeweler’s 
Sand Crucible, but the larger quantities, say 14 to 25 kg., are melted 
in lime. The Ajax-Northrup high-frequency induction furnace has 
proved useful in melting platinum metals as intensely high temperatures 
are rapidly obtained and it allows melts to be made in any atmosphere 
or in vacuo. 

Working.—Ingots of platinum and its alloys are usually worked at a 
bright red heat until they have undergone considerable reduction; there- 
after cold rolling or cold swaging and drawing methods are used. Like 
other metals platinum hardens up on working, not so fast as copper but 
faster than gold or silver, and must be annealed. Generally speaking, 
platinum and platinum alloys require temperatures of 1000 to 1200° C. 
for annealing; the addition of iridium. causes an increase in the requisite 
temperature; for example, 650° C. is sufficient for pure platinum, 1000° C. 
for commercial platinum, 1100° C. for 5 to 15 per cent. iridio platinum, 
and 1200° C. is necessary when the iridium content is higher than 15 
per cent. 

The metal is easily spun and spinning is therefore resorted to in 
manufacturing articles of varied shapes. Seamless tubing is readily 
made. Platinum “drags” somewhat in punch presses and does not cut 
cleanly in the lathe, acting like soft copper in this regard. 

Soldering and Welding—Fine gold is the most usual solder for the 
platinum metals; sometimes higher fusing solders are necessary and then 
ternary alloys of gold, silver and palladium are often used, the amount of 
palladium determining the melting point. Platinum welds very nicely 
either electrically or by the oxyhydrogen flame; it is also quite simple to 
weld two pieces of platinum together by hammering them together at a 
fair red heat. 


PROPERTIES 


It is not proposed to give here the chemical properties of the metals 
of the group, a considerable amount of information having been pub- 
lished on the chemistry of the platinum metals, and the reader is referred 
to the standard publications. The physical properties have also been 
given at various places but it is thought best to assemble available 
reliable information in tabular form, together with some properties 
determined in the writer’s laboratory (Table 1). 


PLATINUM MerTats AND GASES 


It is certain that up to the present day it has not been fully realized 
how important are the effects of gases on metals, but we are beginning to 
learn that the properties we have associated with many of the metals 


2F. E. Carter: Some Notes on the Metals of the Platinum Group. Trans. Amer. 
Electrochem. Soc. (1923) 43, 397. 
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hold true only for gas-saturated material and not for the pure metal 
itself. Generally speaking, however, the vacuum-melted, vacuum- 
poured and vacuum-annealed metal is of academic interest only because 
such special treatment is hardly feasible in commercial work, but it 
certainly should be recognized that the properties we associate with 
metals are for the metals in commercial form, 7. e., for alloys of metals 
and gases. These remarks may not apply to all metals but they certainly 
do in the case of the platinum metals. 

We all know the extreme reactivity between the platinum metals 
and the various gases and the voluminous literature testifies to the 
interest in the subject; furthermore, it may be stated that this literature 
in addition to being most voluminous is most contradictory and generally 
most unsatisfactory. It would have been more discreet to have omitted 
this paragraph but the writer feels that something should be stated on 
the subject in a general paper on the platinum metals, if only to mention 
that we know very little about it with any certainty. There are many 
reasons for this: One is that the metals all have high melting points and 
as the gas-metal phenomena have to be studied both in the solid and in 
the liquid state, experiments have to be made at high temperatures with 
the consequent difficulties due to containers, etc. The second difficulty 
is that the reaction between gas and metal is seriously affected by slight 
impurities in the latter; for example, the writer stated in a paper in 1923? 
that palladium could not be melted under reducing conditions and yet 
in this paper he is going to add to the contradictoriness of this subject by 
saying that palladium should be melted with a highly reducing flame. 
Full reasons for this volte-face cannot be given here, but it should be 
related that the presence of a small quantity of another metal was the 
chief cause for the previous incorrect statement. Third, hydrogen is 
either absorbed or adsorbed by the metal or actually combines with it to 
form one or more hydrides whose ranges of stability are unknown. 
Fourth, each of the platinum metals appears to form numerous oxides 
which are capable of existence only within certain narrow limits of 
temperature. 

For those who wish to learn more on this subject, reference is made 
to Friend’s Textbook of Inorganic Chemistry (9, Pt. 1), where a sum- 
mary is given together with numerous literature references. 

This reactivity between the platinum metals and gases is undoubtedly 
the reason for their usefulness as catalysts; from what has been said on 
the possible changes going on when platinum metals are exposed to 
hydrogen or oxygen at varying temperatures the reason may readily be 
seen for the catalytic value of platinum, palladium, etc., in both reducing 
and oxidizing catalytic reactions. 


3 Loc. cit. 
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MeETALLOGRAPHY 


The platinum metals, when alloyed with other members of the group, 
present to the metallographer very little of unusual interest, apart from 
the difficulty of examination. The metals are isomorphous and form 
solid solutions presumably of Roozeboom’s Type 1. The difficulty of 
working at temperatures above 1600° C. prevents any determination of 
the liquidus or solidus with the apparatus at present available. The most 
general etching reagent is aqua regia, but this fails when the percentage 
of osmium, iridium, rhodium or ruthenium is high. In such cases heat 
etching or fusion with potassium bi-sulfate, or potassium hydroxide with 
10 per cent. potassium nitrate, is sometimes useful. For palladium and 
palladium-rich alloys, a cold solution of aqua regia in some organic liquid 
(e. g., alcohol, glycerin) or boiling concentrated nitric acid can be used. 

Figs. 1 to 64 show platinum and platinum with 5, 10, 15, 20 and 30 
per cent. iridium. Platinum and platinum-5 per cent. iridium were 
etched in boiling aqua regia and the remainder were heat etched by heat- 
ing in oxygen at 900 to 1000° C. It will be observed that the addition of 
iridium decreases the grain size but after 15 per cent. has been added, no 
further decrease takes place. 

Figs. 9 to 12 show palladium and platinum with 10, 20 and 50 per cent. 
palladium. It will be seen that in this case the grain size becomes more 
uniform and smaller with additions of palladium to platinum, though not 
to the extent that occurs when iridium and platinum are alloyed. The 5 
per cent. iridio-platinum and the palladium alloys are attacked very 
differently, in that some grains in the iridio-platinum seem to be much 
more rapidly attacked than others, while the attack in the case of palladio- 
platinum is equal in all the grains, concentrating at the boundaries. 
Rhodio-platinum is attacked in the same way as 5 per cent. inidio-plati- 
num (Figs. 7 to 8). 


SPECTROGRAPHY 


Efforts have been made to make quantitative spectrum analysis with 
a Hilger quartz spectrograph,® following the method outlined in Bureau 
of Standards Scientific Paper No. 444. 

The quantitative estimations are based upon a comparison of the 
spectra of standard electrodes of known composition, with the spectrum 
of the material to be analyzed. Fig. 13 shows a spectrogram of numerous 
standard platinum-iridium alloys together with a platinum-iridium alloy 
of unknown composition. To obtain the best possible comparison, the 
unknown material is photographed between the spectrograms of each of 
the standard rods. The unknown material in this case was estimated to 


*Photomicrographs by C. 8. Sivil, Baker & Co., Inc. 
5 Experiments conducted by R. Rennie, Baker & Co., Ine. 
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Fic. 1.—PLATINUM ANNEALED 1 ur. aT 1200° C. ErcHED WITH BOILING AQUA 


REGIA. X 100. 
Fic. 2.—Pr, 95; Ir, 5; ANNEALED 1 aR. aT 1200° C. ErcHep WITH BOILING AQUA 


REGIA. X 100. 
Fic. 3.—Pr, 90; Ir, 10; annpALED 1 HR. aT 1200° OC) Hnacurcaup: >< 100: 
Fig. 4.—Pr, 85; In, 15; ANNEALED | HR. AT 1200° C. Hearertcuep. X 100. 
Fig. 5.—Pr, 80; Ir, 20; aNNEALED 1 ur. at 1200° C. Hrarurcnep. X 100. 
Fig. 6.—Prt, 70; In, 30; ANNEALED 1 HR. AT 1200° C. HeatrertcHep. X 100. 
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Fie. 7.—Prt, 90; Ru, 10; ANNEALED 1 HR. AT 1200° C. ErcHEep WITH BOILING AQUA REGIA. X 100. 


Fic. 8.—Pr, 80; Ru, 20; ax 


,EALED 1 HR. AT 1200° C. Ercurp WITH BOILING AQUA REGIA. X 100. 


Fie. 9.—Pt, 90; Pp, 10; ANNEALED 30 MIN. aT 1200° C. ETCHED WITH COLD AQUA REGIA. X 100. 
Fig. 10.—Pr, 80; Pp, 20; anNEALED 30 MIN. 1200° C. Ercurp witTH COLD AQUA REGIA. X 100. 
Fic. 11.—Pr, 50; Pp, 50; aNNEALED 30 MIN. 1200° C. EvcHrp witH COLD aqua REGIA. X 100 


Fig. 12.—PaLLaDIUM; ANNEALED 30 MIN. aT 1200° C. Ercurmp wire BoiriIng HNO:. X100. 
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be somewhat short of 5 per cent. iridium and was later assayed to 4.26 
per cent. iridium. The analysis of the alloys containing up to 15 per cent. 
iridium can be made with an accuracy of +1 per cent. iridium, and in less 
than 2hr. Above 20 per cent. iridium, however, it is difficult to establish 
closer than +2 per cent. 
Quantitative spectrum analysis of this kind is not of course a substi- 
tute for an exact assay, but it is valuable as & quick approximate estima- 
tion, especially as a chemical analysis of platinum metals is an expensive 
and tedious affair. For spectrum analysis of this kind, whole series of 
standard electrodes of Pt-Rh, Pt-Pd alloys, etc., are kept. 
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Fic. 13.—SPECTROGRAM SHOWING METHOD OF ESTIMATION OF COMPOSITION OF A 
PLATINUM-IRIDIUM ALLOY. 


Spectrum analysis has the greatest value as a method of making 
semiquantitative determinations of impurities deleterious to the pure 
metal, chemical analysis of which might be impossible, owing to the 
minute quantity of the impurity. Thus, any platinum intended for use 
where exceptional purity is wanted, as for catalytic purposes, is spec- 
trum-analyzed. 

Spectrum analysis is also used to determine small amounts of impuri- 
ties in returned platinum ware, thus establishing the cause of failure. 
To quote an example: a customer thought he had reason to complain 
about a shipment of platinum rings that had darkened. Spectrum 
analysis revealed silver, but the assay laboratory reported none. It was 
concluded that the silver was a surface contamination only, caused by 
the customer polishing the platinum after some silver soldering had been 
done on it. This proved to be the case. 


ALLOYS 


No attempt has been made to make a complete list of the binary 
alloys of the platinum group; a selection has been made of those which 
(1) have some commercial application, (2) are used in the separation of 


. 
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the platinum metals ‘in the chemical laboratory, (3) are encountered 
during the working of the metal. Practically the only previous system- 
atic account of these alloys is that of Geibel,® who gives some of the 
physical properties of the Pd-Au, Pd-Ag, Pd-Pt, Pt-Ir, Pt-Au, Pt- 
Ag series. 


PLATINUM 


Platinum-aluminum.—With less than 10 per cent. aluminum the 
alloys are white and malleable and not attacked by acids. The alloy 
containing 70.4 per cent. platinum corresponds to PtAl;, and is hard 
and brittle. Those with less than 9. per cent. platinum are soft, 
malleable and white. Above this the alloys are harder and yellow 
in color. 

Platinum-calcium.—During melting, platinum may take up calcium, 
particularly under reducing conditions. The metal always shows calcium 
spectrographically, this being present probably both as platinum-calcium 
alloy and as CaO. 

Platinum-carbon.—Carbon readily reacts with platinum, the metal 
freely taking it up even before reaching the melting point. On cooling 
the carbon settles out between the crystal grains, causing darkening 
and brittleness. 

Platinum-cobalt.—Alloys are similar to platinum-nickel alloys but have 
a much higher electrical resistance. They are workable up to about 10 
per cent. cobalt. 


Resistance, Ohms/ Mil Ft. 


Pt O75; Co Dib ao cee > = 2 ee see rare 170 


PE OR Cat» cotav aia Saad oe aaa 245 
Pi 07 Os 10 ats eee NYS ee ee 255. 


Platinum-copper.—These two metals form complete solid solutions. 
Up to 10 per cent. copper the alloys do not blacken on heating, but above 
this the alloys do blacken and become increasingly difficult to work. 
They may be hot rolled up to about 30 per cent. copper and above that 
they are hard and brittle. The addition of copper to platinum increases 
the electrical resistance to a most unexpected extent, and an alloy like 80 
platinum-20 copper should be useful as a stable non-oxidizing, resistance 


6 W. Geibel: Uber einige elektrische und mechanische Eigenschaften von Edel- 
metall Legierungen.—l. Zeitschr. anorg. Chem. (1910) 69, 38; Pt. II, (1911) 70, 240. 
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alloy. The following table gives some electrical properties of the plati- 
num-copper alloys: 


. Temperature Electromotive 
Okme/MaL'r, | Coeisient of | Fores againat 
1 ROSA 8 OT ef Be Or eee: 227 ' +3.48 
pero eu sl Our ahs ast a Bee ee | 335 * 0.00015 +5.05 
i Si 5 eh wee ee eee 430 . 
RG GURU 20 Rage rete cmc ee rere. 540 0.00016 +0.80 
gd a lL ne Oe Mat BeOn. © Sell eb OrO00L2 
EGRAO Ohi Oem ee eet Fy ees 500 —§.05 


Nitric acid does not attack the alloys containing more than 50 per 
cent. platinum. 

Platinum-gold—These are complete solid solutions. Addition of 
gold rapidly hardens platinum, and the limit of workability is reached at 
about 10 per cent. gold. The alloys with the gold in excess work satis- 
factorily; it is, however, difficult to get them quite homogeneous, as would 
be expected from the form of the liquidus and solidus. Some of the 
physical properties of the alloys are given in the following table: 


| Brinell Hardness : 
ieoeeon eaten, | Obie? Ni 

| Hard Annealed 5 

| 
12] OMA a ae eo ae oe wero enc De Li tae 98 133 
ERs SEC Wome rit G 0s see aie A eae sca neta eae 222 162 
Pete eA OU pence ues cartier se | 226 174 6.9 156 
PSO vA WTO ewe LS De | 198 P35 9.7 153 
PipZO pA usS OMe aekee sees cae 5s 104 11.3 122 
Lee eee 105 61 12.2 70 


nme EEEEnnEIEEEEISETaESS SSS EER ENEnEEIESEn EERE 


Platinum-iridium.—This series of alloys is the most important of all 
platinum alloys. In chemical ware, in electric work, and in jewelry, 
pure platinum is too soft for use so it is generally hardened by the addition 
of iridium in varying amounts. For example, in jewelry ‘medium hard”’ 
platinum contains 5 per cent. iridium and “hard” platinum contains 
10 per cent.iridium. The limit of workability is 30 to 35 per cent. iridium. 
The alloys are solid solutions which usually show a slight amount of cor- 
ing in the crystal grains, but this inhomogeneity can be removed by long 
annealing. A few physical properties are given in the following table: 


. 
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a are 


Brinell Hardness Erichsen Test Electri- 
. Hesists 
: Trav Annealed | Annealed ance 
Hard Annealed Rate 1100° C., | 1200° C., Ohms/ 
5 Mm. Mm. Mil Ft 
Peal OO is ace tee 97 47 7.8 12.2 12.2 60 
PbO Or: rs Oy penta etre 170 110 pas 1057 1027 120 
GOO rls tarde tenets 220 150 tok 10.0 10.4 160 
Ano San Oe Wot aid wige ne ae 280 190 7.0 9.7 10.2 185 
PESO eTre20 vere mn teacs 330 230 0 9.0 9.7 200 
LEH fay Lhe OS ee ma oes wel OHA 270 4.1 8.0 fete: 210 
Bie OM Tr 23 OS rorsermercnarats 400 310 20 210 


The Erichsen figures are interesting in that they afford further evi- 
dence that with increasing iridium content higher annealing temperatures 
are required; the increase in ductility of the material annealed at 1200° 
GC. over that annealed at 1100° C. is 0.0 mm. for platinum, 0.0 for the 
5 per cent. alloy, 0.4 for the 10 per cent., 0.5 for the 15 per cent., and 0.7 
for the 20 per cent.; this means of course that 1100° C. is sufficient for 
the first two and increasingly insufficient for the others. The figures also 
indicate that a short time at 1200° C. is not sufficient for the 25 and 30 
per cent. alloys. It is also of interest that in the hard-worked condition 
the ductilities are not markedly different in the various iridio-platinum 
alloys, until more than 20 per cent. is added, when the ductility rapidly 
decreases. 

On heating the alloys the surface darkens considerably within the 
range 900 to 1100° C., probably due to the formation of iridium oxide. 
On heating to higher temperatures the oxide decomposes and the surface 
regains its white appearance. This oxide formation is generally observed 
only when the heating is done in an electric furnace. It may be men- 
tioned that metallic iridium becomes heavily coated, under similar condi- 
tions, with a blue-black oxide. Above 900° C. iridium-platinum alloys 
begin to lose weight somewhat, due to the volatilization of the oxide. 
This property prevents the use of high percentages of iridium in crucible 
ware where constancy of weight is essential. It also explains why the 
use of platinum-10 per cent. iridium has been discontinued for thermo-. 
couple work, since the electromotive force is not constant. 

Platinum-iron.—Iron alloys rapidly with platinum to form solid 
solutions and it is therefore very necessary in annealing operations to 
keep iron out of contact with platinum. Also, in the ordinary operations 
of rolling, wire drawing, etc., iron may become imbedded in the surface 
of the platinum and then on subsequent heating be easily dissolved into 
the latter. Where pure platinum is required the metal must always be 
treated before reheating with hot concentrated hydrochloric acid to 
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remove any adhering iron particles. Foreign iron may also be removed 
by treating the surface with borax and heating for several hours, 

Platinum-lead.—Low fusing alloys are readily formed, as many a 
chemist knows to his sorrow when the bottom of a platinum crucible 
melts through. 

Platinum-magnesitum.—Platinum may take up magnesium to the 
extent of 3 per cent., and indeed spectroscopic amounts of magnesium are 
generally to be found even in high grade platinum. 

-Platinum-mercury.—Under ordinary conditions platinum does not 
amalgamate directly with mercury, but on heating to about 200° C., 
“‘wetting’’ does take place. Also, if a current is passing between. the 
platinum and the mercury an alloy may be formed. Sodium amalgam 
reacts with platinum and a process for removing platinum from its 
crushed ore has been developed by Zachert which depends on this 
property. F 

Platinum-nickel—These two metals form useful alloys which are 
probably solid solutions. The alloy containing 5 per cent. nickel has 
become of importance due to its wide use in radio tubes as the heating 
filament. The resistance of the 5 per cent. alloy is 140, and of the 10 
per cent. alloy is 180 ohms/mil ft.; the temperature coefficient, 0-1200° 
C., is 0.00189 per °C. for the 5 per cent. alloy. 

Platinum-osmium.—Osmium has about 2144 times the hardening 
effect of iridiém on platinum, and also increases the electrical resistance 
214 times as quickly. It is very difficult to work an alloy containing 
more than 10 per cent. osmium, owing to the great hardness and lack of 
ductility. Care has to be taken to anneal under reducing conditions, 
as otherwise osmium burns off. 

Platinum-palladium.—Palladium does not harden platinum to the 
same extent as do the other metals of the group, and the whole series of 
alloys, which are perfectly homogeneous solid solutions, is easily work- 
able. The alloy of maximum hardness is that containing about 25 per 
cent. palladium. Some figures for Brinell hardness and electrical 
resistance are given in the following table: 


Brinell Hardness | F Wesisiaaca 
Me Re Obie ie 
yi 2 Ft 
Hard Annealed : 
ete OOM dal Oeapescsieerysdaevatys asia: 160 85 11.1 130 
12s GO) PUN AWs. oo Bes ee ome ce ager 170 95 11.5 160 
IPiy 7S, TRI e 3 ce ee See poe ome ann 175 100 8.1 170 
Ey 0), Pel Ae. eee eeoe dew sien ere staan 165 90 7.9 180 
Tet SAR, AERO Lio cie oacioap ERC oka Binks apedioat 155 80 9.5 145 
pee eh ee ee) ee Se ee 


Platinum-rich alloys have the chemical properties of platinum rather 
than of palladium. For example, boiling nitric acid has no solvent 
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action on alloys containing up to 25 per cent. palladium, nor do alloys ° 


with up to the same amount show any of the color effects of palladium on 
heating. ‘ 

-Platinum-rhodium.—Platinum and rhodium form solid-solution 
alloys. They are workable up to about 50 per cent. rhodium although 
only with difficulty in the higher percentages. The rhodium does not 
harden platinum as much as iridium, osmium and ruthenium, but hard- 
ens it more than does palladium. Some physical properties are given 
in the following table: : 


Brinell Hardness | 
ot F Temperature 
. onsil Re e, . 
—Anneated | gireugth, | Obms/Mhi’ | Costigent 
79 ly men tmanerae  s Kg./Mm?. Ft. 0-1200° C. 
| 1000° C. | 1200° C. | 
Pt 96.5, Rh 3.5..... 107 | 65 | 48 “SD TMOS 0.00195 
Pt 90, Rh10.......| 165 | 90 | 72 110 0.00135 
Pt 80, Rh 20.0. 00: 211 | 169 | 107 | 108 125 0.00120 
Pt 50, Rh 50....... | 823) 254 | 138 134 


Platinum-rhodium alloys have a lower rate of volatilization than has 
platinum and do not crystallize so readily. They have therefore been 
used to some extent in crucible ware. One preferred alloy for this pur- 
pose is that containing 314 per cent. rhodium. These valuable properties 
also lead to their use as a positive element in precious metal thermo- 
couples. The e. m. f. against platinum is not so great as that of the 
corresponding platinum-iridium alloy, but their constancy has caused 
them to replace the latter almost wholly for thermocouple work. 

Platinum-ruthenitum.—Alloys of platinum and ruthenium are some- 
what similar to platinum-osmium alloys, ruthenium having about the 
same hardening effect on the platinum as osmium. The Brinell hardness 
of the annealed 10 per cent. alloy is 210 and its electrical resistance is 245 
ohms/mil ft. The alloys lose considerably in weight on heating due to 
volatilization of the added element, although to a lesser extent than in 
the case of platinum-osmium. The limit-of workability is about 10 to 
15 per cent. ruthenium. 

Platinum-silicon.—Silicon in the elementary state reacts with plati- 
num to form brittle alloys. It has been shown that silica in the presence 
of carbonaceous material or of hydrogen will have the same effect. 
When a platinum crucible, which has been used for silica determination, 
shows a brilliant crystalline structure on the bottom and probably 
develops a crack, it is fairly certain that carbonaceous material has been 
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present with the silica, or a reducing flame, allowing hydrogen to pass 
through platinum to the silica, has been used in heating the crucible. 
Platinum-silver—The addition of silver to platinum causes rapid 
hardening. The alloys with excess of silver, such as are used in dentist- 
ry, electrical contacts, etc., are hard but fairly ductile. The platinum, 
even in proportions of a few per cent., seems to reduce the rate of tarn- 
ishing of the silver. The alloys of this series are not continuous solid 
solutions as in the case of platinum-gold and palladium silver, and there 
exists possibly a compound of formula PtAgs The metals do not 
mutually dissolve readily and tend to separate on cooling. 


TRIDIUM 


Other than the platinum-iridium alloys already described, iridium 
alloys have not a great importance. 

Tridium-osmium.—The naturally occurring alloys, called iridosmine 
or osmiridium, are very hard and are used on pen points. The manu- 
factured alloys find considerable use in special ignition work on account 
of their extremely high fusing points and their hardness. 

Iridium-phosphorus.—These alloys are historically interesting as | 
being the product of the Holland process for obtaining a synthetic alloy 
to replace the natural osmiridium grains on pen points. The alloy is 
obtained by adding white phosphorus to iridium or osmiridium at a very 
high temperature, casting into sheets and breaking up to the desired size. 


OSMIUM 


Osmium alloys are of very little importance except in combination 
with iridium. At the present time synthetic alloys high in osmium are 
made for pen point material, and for “sparking point” alloys. 


PALLADIUM 


Palladium forms a number of useful alloys and easily ranks second in 
importance in the platinum family. 

Palladium-copper—Palladium and copper form a complete series of 
solid solutions which melt intermediately between the melting points of 
the constituent metals. They are malleable and ductile. The electrical 
resistances are lower than those of the corresponding platinum alloys. 
For example, 70 palladium-30 copper = 285 ohms/mil ft., 80 palladium- 
20 copper = 270 ohms/mil ft. 

Palladium-gold.—These form solid solutions and give a much better 
series of alloys than in the case of platinum-gold. There isno tendency to 
segregate, the liquidus and solidus lying very close together. Addition of 
palladium to gold rapidly raises the melting point, the increase being 
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greater than when the corresponding weight of platinum is added to gold. 
The alloys, due to their high melting point, non-oxidizability, and 
chemical stability, have found a certain use in laboratory ware under 
the trade name of “Palau,” “Rhotanium,” etc. Sometimes some 
platinum is added to give hardness; ‘‘Palorium” is such an alloy. The 
early “‘white golds” used in jewelry were gold-palladium alloys but these 
have been mostly replaced by gold-nickel alloys which are whiter and 
harder. Some physical properties are given in the following table: 


Brinell Hardness = i 
a raisin, | Ohme/ Mil 
Hard | Annealed Ft. 
PdnOOR A 10) Oia sree oe 124 95 | 10.9 99 
Pdr SOsAU 20. feces - epee 135 100 9.7 113 
PaClO,A1cS Otero setae ies 180 128 11.3 145 
Pd GOWAW AO peu as ok ge cca 192 118 a i Se 161 
bars bets gel cs Uae mere, ih Sacre 186 5g 1220 176 
Pal 4O Aw 60s eo Ea 190 you? het) tage 165 
PISO Aw OR a eceaks cee tictees ee <tc 175 96 | die | 113 
Pd. 20. Au S80 as sc eieereasrt 165 94 | 10.6 | 109 
Pd 10) Ane O0e specced 120 70 Lie | 67 


Palladium-iridiwum—Iridium does not harden palladium to the same 
extent that it does platinum. 


Brinell Hardness Rest 

| Resistance, 

—— —| Ohms/Mil 
Hard Annealed ‘ Ft. 
Bat: Flr 5 .. eta eer ones ae oa ee eee 107 62 86 
PaO cts O a iete shes Petosht aw test ears Seas 130 81 123 
FG STS a To sets Seedy yg“ gh | 110 210 
Pd 80, Ir 20....... OR tee en ar ames | plete 235 


Above 20 per cent. iridium the alloys are workable only with 
great difficulty. 

Palladium-nickel—These are solid solutions showing a minimum of 
1265° C. at 50 per cent. palladium. 


| Brinell Hardness, Resistance, 


Annealed | Ohms/ Mil Ft. 
PLoO NO te oe eee | 163 | 145 
Pa aU 20), et eR aaa Seana | 198 | 138 


Above this amount of nickel the alloys are not workable. 
Palladium-osmium.—Owing to the difficulty of controlling the 

composition of these alloys, little has been done with them. The 

alloy with 75 palladium, 25 osmium shows a hardness of 200 hard 
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worked and 160 annealed, and has a resistance of 120 ohms per 
mil ft. 


Palladium-rhodium.—Palladium and rhodium form apparently a 
series of solid solutions. 
eee eee nee ee ees at ined ts yee elton 


Brinell Hardness 
Resistance, 
Ohms/ Mil 
Hard Annealed t. 
a 
POOF HG Pee AMO ere oi! oe 134 72 126 
RasOO ME hE Ore eae errs: a EE eh) 147 79 155 
ROME Bch tltan ace ls! sccue, ane Paste | 195 104 


The 50-50 alloy is friable and quite unworkable. 

Palladium-ruthenium.—Palladium and ruthenium form apparently 
a similar series of alloys, except that above 10 per cent. the alloys are too 
hard to work. 


Brinell Hardness 


Hard | Annealed 
7. ORIn eee aeee 152 92 
Pacta Rags. to snoce: neta ceri te 230 130 


Palladium-silicon—Compounds SiPdz and SiPd are formed. Owing 
to the ease with which the silicide is formed palladium cannot be melted 
without embrittlement in a siliceous crucible. 

Palladium-silver—These form a complete series of solid solutions. A 
table of some of the physical properties is given below. 


Brinell Hardness 
Erichsen, 
Mm. 
Hard Annealed 
Parco mA eMiUL oe, a) OES Vor iT re 130 74 6.5 
BoiSO Agi 20Ripirecr irc eas lost ne nes oir 294 248 8.0 
Paty One Mets Wale Se A Noe RE Thwua adel &s 282 190 8.7 
naan, AT Se eee 248 122 9.1 
Pag OSA Be OO bee getcd ice ees yea 2 ome oe 169 104 10.0 
ial ZA gn aly ae a ak 130 88 10.8 
Pao ur ee. eae et 126 72 11.0 
Eaoeeoet ee Peis en Ws 114 59 11.4 
a A eeeoneee) sada Tuolena meq ae 95 53 1107 
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RHODIUM 


The only important series of alloys of rhodium is that of platinum- 
rhodium which has already been described. 
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RuUTHENIUM 


Ruthenium is.scarce and its alloys are unimportant. It is used to 
some extent for hardening palladium and platinum and seems to act 
generally very similarly to osmium. 


TERNARY AND QUATERNARY ALLOYS 


It is impossible even to enumerate the many ternary and quaternary 
alloys containing the platinum metals. In a general way the platinum 
metal additions are made (1) to raise the melting point, (2) to decrease 
the rate of oxidation, (3) to increase the hardness. Although a great 
many complex alloys containing platinum metals are put to a variety of 
uses, the thermal diagrams, except in one or two cases, have not been 
worked out. It will therefore be best not to attempt any consecutive 
listing of these alloys but to leave mention of the alloys to the next section. 


UsEsS 


Laboratory Ware.—Everyone knows the importance of platinum in 
the laboratory and realizes that without it he would be at a tremendous 
disadvantage in analytical and other work. Platinum has no equal for 
laboratory ware, and although it may be more expensive initially than 
certain substitutes, it actually is cheaper because the scrap value is so 
high and because it may be used under so many different conditions. It 
should be emphasized however that platinum vessels are not foolproof 
and should be properly cared for; when making fusions, for example, it is 
well to give thought to what chemical changes go on during the reaction, 
and see that no low melting metals are produced by the fusion. A 
platinum crucible should be heated to no higher a temperature than is 
necessary because it will crystallize and the higher the temperature the 
greater is the size of the crystal grain; neither should it be heated any 
longer than is necessary. The most important fact to remember is that 
oxidizing” conditions should be maintained throughout the heating; if 
the crucible bottom is in the inner cone, 7. e., reducing zone, of the flame, 
the hydrogen simply passes through the platinum, reduces various oxides 
to the element which then reacts with the platinum. Similarly, if plati- 
num crucibles are heated in gas or electrically-heated muffles, oxidizing 
conditions should be maintained in the muffle; also it is preferable to 
keep the crucible away from the siliceous bed. Platinum crucibles 
should not be roughly handled; if distorted they can easily be reshaped, 
but every time this has to be done shortens the life. A platinum 
crucible is a compromise; the pure metal is excellent from the constancy 
in weight point of view, but it is very soft; additions of iridium or rhodium 
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stiffen it up and lower the rate of crystallization. Iridium unfortunately 
is so volatile that the crucible loses weight on heating so the percentage 
should be kept to 0.3 per cent. or less. Rhodium does not volatilize to 
the same extent and for this reason is a preferable addition. 

Chemical Industry — Platinum apparatus was formerly used in indus- 
try on quite a large scale; sulfuric acid was concentrated in platinum 
vessels, condensing worms of considerable size were used, but the great 
expense has put them in the discard almost completely. More and more, 
chemical industry is becoming the industry of catalysis and since the 
platinum metals are generally such active catalysts, we find that platinum 
and the other metals of the group are being increasingly used as catalysts. 
It is well known that platinum is used in the sulfuric acid contact process, 
but it is perhaps not so well known to what an extent it is being used in 
the chamber sulfuric acid process and in the nitric acid industry; of course, 
in both of these the platinum is used as the catalyst, in the form of gauze, 
in bringing about the reaction of NH; and air to form nitrous gases. 
Modern developments in synthetic organic chemistry are opening up 
large new fields in industry and the platinum metals in their capacity as 
catalysts are becoming increasingly important. In the electrochemical 
industry considerable quantities of platinum are still used as electrodes, 
although in many cases substitutes have been found. The alloys 90 
platinum-10 rhodium and 87 platinum-13 rhodium are used as thermo- 
couples to indicate temperatures of furnaces, etc.; platinum is used as 
lining for bomb calorimeters, as electrodes, furnace windings, filter cones, 
tips for crucible tongs, tweezers, etc., in the laboratory. 

Electrical Industry.—Though electrical contacts are easily overlooked, 
due to their insignificant size, they are still of great importance in the func- 
tioning of the machine and in most cases are actually the most vital part 
thereof. Without a perfect make and break of current no combustion 
motor could work properly and no thermostat could be dependable. 

Fine silver, silver alloys, and tungsten are all used in tremendous 
quantities for contact work, but platinum alloy points are generally used 
under severe conditions and wherever absolute dependability is needed. 
Take for example, the magneto. In a magneto only a very limited num- 
ber of metals or alloys are of any use, because: 

1. The mechanical strain is great, as the impact, many times a second, 
must be considerable; thus only a very hard and tough metal can resist 
without flattening out or crumbling up. 

2. As a good contact must be assured even after long operation in 
moist air, which may contain acids in industrial centers, only very noble 
metals are dependable. 

3. The break gap must be small on account of the limited space and 
the speed of making and breaking; this requires a contact metal of low 


vapor pressure. 


. 
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These conditions eliminate all soft or fragile or base metals and alloys. 
Of the noble metals, silver and gold cannot be used on account of their 
comparatively low evaporation points; the vaporized metal prolongs the 
are and lowers the effect of the break of contact. Only platinum and 
alloys of the platinum group give good and efficient service as they fulfill 
the above requirements in a remarkable way. It has been found that 
among the great variety of platinum alloys 80 platinum-20 per cent. 
iridium gives the best results. The contacts remain smooth without any 
oxidation; there is no flattening out or crumbling of the metal, and the 
high evaporation point cuts the spark short, giving best results in electri- 
cal high tension effect. 

Though tungsten has been applied on account of its high melting 
point, great hardness and toughness, its resistance to oxidation under 
the electrical sparking effect is low. This causes a considerable increase 
in contact resistance and may cause difficulties, especially in starting 
the motor. 

Palladium-silver alloys, particularly the 60 palladium-40 silver, 
have shown usefulness as contacts; the alloys are hard, non-tarnishing, 
and possess a fairly high melting point. 

Where extremely severe conditions are encountered, ‘sparking 
point” alloys are used. These are made wholly of platinum metals and 
are extremely hard, so much so that they are quite unworkable and have 
to be ground to the proper shape. They are naturally much more 
expensive than the ordinary contact point. 

Jewelry.—Fifty-seven per cent. of the platinum used goes into jewelry. 
The manufacturer likes it because it is strong, ductile, malleable, and the 
customer likes it because it holds diamonds, ete., very securely and 
because it is sufficiently expensive. 

As previously mentioned, platinum containing 5 and 10 per cent. 
iridium is generally used; sometimes also palladium, rhodium or ruthen- 
ium may be used as the alloying element. Up until very recently articles 
could be stamped platinum if they contained 95 per cent. of the platinum 
metals; however, when palladium dropped in price below platinum and 
since it has only about one-half the specific gravity of platinum, articles 
of very different intrinsic values could be stamped “platinum.” This 
was unjust, so laws have been recently passed by which articles marked 
“platinum” must contain 95 per cent. pure platinum. Palladium has 
found considerable use as a jewelry metal; it is generally hardened suffi- 
ciently by small amounts of platinum metals. It is non-tarnishing and to 
the wearer is quite indistinguishable from platinum. 

Electroplating—There are quite appreciable quantities of platinum 
used in electroplating; there are good solutions on the market, generally 
phosphates, which give bright non-tarnishing finishes. They are used 


in jewelry and in fine instruments, or wherever non-tarnishability 
is required. 
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A good palladium plating solution has been developed; the solution 
has an excellent throwing power, and, since the plate is white and non- 
tarnishing, may find quite wide ehalitations Rhodium plating baths are 
also in use and are particularly brilliant, due to the high reflecting power 

of rhodium. 

Photography.—When the price of platinum was lower, salts of the 
metal found a very large use in photographic work, but this has to a great 
extent been discontinued owing to the cost; this is unfortunate since 
platino-type photographs are desirable both for beauty and lasting quali- 
ties. Also the use of barium platinocyanide i in X-ray fluorescent screens 
has been superseded by calcium tungstate. 

Penpoints.—The tips of pens must be very hard, non-oxidizing at 
ordinary temperatures and resistant to acids which may be present in the 
ink; iridium-tipped pens are generally used today but these actually are 
osmiridium alloy. For many years native Tasmanian osmiridium grains 
have been and are used, but synthetic osmium alloys which have been 
given the suitable crystal structure by special treatment are now replac- 
ing the natural alloy to a very considerable degree. 

Radio.—A considerable amount of platinum is used as the heating 
filament in radio tubes, the alloys generally used being 90 platinum-10 
iridium or 95 platinum-5 nickel. The former is perhaps somewhat more 
dependable as regards uniformity, but the slightly lower cost of the latter 
has led to its very wide application. 

Explosives—In the explosives industry 90 platinum-10 iridium and 
80 platinum-20 iridium are used as fuse wires; the uniformity of resist- 
ance and permanence cause these alloys to be preferred to all other 
materials since dependability is of great importance. 

Rayon.—In the manufacture of rayon the liquid is squirted through 
small holes and then allowed to solidify: These holes, about 0.004 in. 
dia., are made in the base of a metallic cup or spinneret and are usually 
below 100 per cup in number. Spinnerets are generally made of precious 
metal alloys because it is essential that metallic impurities be not present 
in the rayon, and such might easily be introduced by the action of acids 
in the solution on the cup material. Furthermore, as it is necessary to 
clean out the holes which become stopped up, it is preferable to be able 
to use acids for this purpose, and to know that the metal will be unat- 
tacked during the operation. Some platinum cups are used but more 
generally gold containing up to 30 per cent. platinum or palladium is the 
preferred material. 

Medicine-—The medical profession uses 80 platinum-20 iridium, 75 
platinum-25 iridium, and 70 platinum-30 iridium, for hypodermic 
needles and platinum for cautery tips. Platinum ond palladium tubes 
are used for regulating the ‘‘hardness” of X-ray tubes, their use being 
dependent on their permeability to hydrogen on heating. Osmic acid is 
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a most valuable agent in microscopy as a staining and preserving fluid. 
Its use depends upon the fact that this compound is readily reduced by 
almost all organic substances, especially by the fats and oils. In this 
reduction there is deposited either a lower oxide, or perhaps metallic 
osmium, which causes the tissue to become evenly dark bluish black 
without losing its transparency or presenting any granular precipitation. 
The tissues, if fresh when immersed, retain their texture as in life, and 
resist decomposition. The rapidity with which different tissues are 
stained varies, which is a very great advantage. The same property 
causes it to be used in the Mitchell system of recording finger prints 
which has become more or less standard throughout the world. 

Dentistry. —The dentist uses a host of alloys containing platinum and 
palladium in various proportions. Probably chief of these are the alloys 
of platinum, palladium and gold used for pins or anchorages for artificial 
teeth. Nearly all good dental work now contains alloys to which certain 
necessary properties are given by the addition of palladium and platinum, 
chief of these being high melting point (quite necessary in constructing 
the restoration), and elasticity or springiness, essential on certain types of 
bridgework. High grade orthodontia demands alloys containing plati- 
num and palladium. The dental precious metal alloys are generally 
quite complicated, often consisting of as many as six metals, gold gener- 
ally predominating. Platinum foil is more and more being used, this for 
making of so-called porcelain jacket crowns and taking the shape of tooth 
cavities. 

Dyeing.—Certain ruthenium salts are used in the dye industry; for 
example, one ruthenium ammonium base can be used for dyeing silk or 
wool purple without a mordant. There is also a ruthenium containing 
“Prussian purple’? which gives a brilliant purple dye, fast to acids. 


DISCUSSION 


HK. A. Capttuon, New York, N. Y.—Why is a platinum alloy used in connection 
with the spinneret cups? As I understand it, the solution used is only about 15 per 


cent. sulfuric acid. Why could not some other acid-resisting alloy be used which 
would be cheaper? 


E. Wicnrrs.—The discussion on gases in these metals interested me especially. 
It ought now to be possible by the use of the Ajax furnace, to melt in high vacuum 
and actually find the difference in properties between these metals melted in air and 
melted in vacuum. Are the physical properties in the table, the ones that have no 
footnote references, your own determination, Dr. Carter? 


F. E. Carrpr.—The majority of them. 


BE. Wicunrs.—May I add just an observation on the mereury-platinum amalgam? 
Dr. Carter says that no amalgamation takes place at ordinary temperature, which 
I think is a general observation. Some time ago, we immersed a piece of platinum 
foil in mercury for three months at room temperature. At the end of that time 
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distinet amalgamation of the platinum had occurred, although the foil was still 
intact and not a very large amount of mercury had been taken up. 


H. T. Reeve, New York, N. Y.—In connection with the hot working of platinum 
and the ease with which platinum and iron form alloys, we have found surfaee aan 
tamination to occur during cold rolling which can be removed by boiling in hydro- 
chloric acid. Would not hot rolling cause certainly more than surface contamination 
probably alloying? 
: On page 763 the term “‘vacuum-poured”’ occurs. I believe we would all be very 
interested in hearing if Dr. Carter has worked out some system of pouring metal 
in vacuum. J 

On page 770, does the reaction with carbon mean that it would be dangerous to 
cast platinum in a graphite mold, and if so, are molds of other materials available? j 

In regard to the platinum-copper alloys,*the melting point of the 80-20 alloy is 
indicated in the International Critical Tables as around 1550° C. If this is correct 
the alloy shows promise for furnace windings because of its high resistance. There. 
fore, any further information as to the life of such a winding at temperatures beyond 
which nichrome is not available would be valuable. It would seem that the melting 
of such an alloy in the air offers somewhat of a problem from the standpoint of the 
container, as cuprous oxide is very active in attacking most kinds of crucibles and 
graphite probably cannot be used. 

Finally, in regard to the data on iridium alloys, is it a fact that a high-iridium 
alloy will not oxidize if kept continuously above 1100° C.? It is well known that 
ordinary commercial platinum deposits crystals of the metal near the turns of a 
furnace winding, presumably due to alternate oxidation and decomposition 
of the oxide. 


E. M. Wisz, Bayonne, N. J.—I would like to ask Dr. Carter for a little further 
information on platinum and palladium plating, particularly in regard to the thickness 
required. In my own experience no difficulty was noted in producing thin, lustrous 
deposits, but these did not afford complete protection. In some later experiments 
heavy deposits of palladium were produced which afforded complete protection against 
tarnishing. This should be useful in producing stainless sterling silver. 

I believe that the use of electroplates of adequate thickness should be emphasized. 
If platinum or palladium plate is used it must be thick enough to be continuous, not 
merely enough to color the article. 

T would like to ask Dr. Carter whether the hardening effect of iridium on platinum 
is due merely to solid-solution hardening or possibly to some other phenomenon. 

The high electrical resistance shown by the platinum-copper alloys, together with 
certain phenomena observed in alloys containing platinum and copper, would strongly 
suggest the presence of a new phase existing over some small range of composition, 
thus presenting a close analogy to the palladium-copper system. 

Any information available regarding the resistance-temperature relation for the 50 
atomic per cent. copper-platinum alloy would be of interest. 

I would be glad to have some information regarding the properties of the palladium 
content dental alloy known as Palladent. 


F. E. Carrer.—About the platinum alloy spinnerets, I think I practically answered 
that in the paper. The precious metal alloys are used since it is essential that metallic 
impurities be not present in the rayon and these might easily be introduced by the 
action of acids in the solution on the cup material. I think possibly, from what I 
know of the subject, the more important point is that when it is necessary to clean out 
the holes which become stopped up, heating is very often resorted to. It is better 
therefore to use something which will not oxidize. 


. 
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Referring to the Ajax furnace for vacuum work: In the discussion of a paper by 
Brace and Ziegler, that question was brought up by Dr. Jordan.’ He pointed out the 
difficulty of finding a suitable container for determination of the gases in metals, in 
that at high temperatures, particularly with the platinum metals, you get reactions 
between the metal and the refractories. This occurs at temperatures of 2000° and 
2500° C. at which temperatures we really do not know much about chemical reactions. 
Under these conditions, some peculiar reversible reactions take place; e.g., calcium is 
taken out of lime by platinum, when you are working in a vacuum, and that is one 
difficulty in studying the platinum metals in the absolutely gas-free states. 

I only introduced the reference to mercury amalgam in the paper as a result of a 
problem I encountered many years ago. A concern put out a thermometer with an 
automatic cut-out, the mercury climbing up a platinum wire and cutting off the 
current. There was continual trouble due to action between the platinum and the 
mercury. I found that it did not take place until a temperature of 200° C. was 
attained, and the statement in the paper is simply based on those few experiments. 
I still believe that for practical purposes there need be no worry about platinum 
forming an amalgam until that temperature is attained. 

As to hot working, there is of course a certain amount of alloying going on at the 
surface, but after hot rolling a good cut must be taken on both sides of the platinum 
bar. It does not seem to alloy right through the platinum at the temperature at 
which the hot rolling is done. If platinum is put in a furnace at 1500° C. and there is 
the slightest bit of iron in that furnace, there will be a thorough alloying very quickly, 
but at the temperature used for hot rolling, it apparently does not go more than just 
slightly below the surface. 

As mentioned in the paper, the reference to vacuum-pouring is academic rather 
than practical, but I know that Krupp puts out a small furnace for handling reason- 
ably large quantities of metal where actually melting and pouring are accomplished a 
vacuum. Ishould think that it would be very useful for people who wish to work with 
metals absolutely gas-free. I do not know that the Krupp company recommends this 
furnace for platinum, but certainly for some of the nickel alloys it is being used. 

For casting platinum, graphite slabs are often used. It does not seem to contami- 
nate the platinum seriously, but I believe that for chemically pure platinum graphite 
slabs should not be used. 

We did not regard the platinum-copper resistance alloys as a heating element 
because the temperature coefficient is very small. If pure platinum is heated to 
1500° C., it has practically the same resistance as platinum-copper alloys. I have not 
calculated this, but knowing that at 1300° or 1400° C. platinum has the same resistance 
as the 90 per cent. platinum 10 per cent. iridium alloy, and here where you have a 
smaller temperature coefficient the value of the alloys for high-temperature work is 
still less. We were thinking more of standard resistances. We think there is a 
demand, or should be a demand, for non-tarnishing and very constant precious metal 
resistance wires for standard resistances, for work at ordinary temperatures. 

It is my belief that if you keep platinum-iridium alloys above 1100° C., oxidation 
will not occur. You will not get a tarnished surface because the iridium oxide decom- 
poses. It forms at about 900° and decomposes at about 1100° or 1200° GC. If iridium- 
platinum is heated above that temperature, the bright metal will be obtained again. 
It does not prevent the volatilization of either the iridium or the platinum above that 
temperature, and the iridium will oxidize as the temperature falls; 7. é., it will get into 
the stable range of the iridium oxide. 

We have been maki i F i : : 
solutions, particularly eet Mire eee agers a Ee eee 

. plates on as heavy as 0.010 in., but 


7 See page 564, 
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we supply different solutions for a flash plate or a heavy plate just as the customer may 
desire. They last very well indeed; even what we call the flash plate will stand a very 
considerable amount of wear before the metal underneath is exposed. We guarantee 
what we call the medium plate or the heavy plate. 


E. M. Wisr.—What would you consider a flash plate and a medium plate? 
F. E. Carter.—One ten-thousandths of an inch is a fairly good plate. 


E. M. Wisr.—That would be satisfactory, but one of these simply colored plates 
is quite unsatisfactory. 


F. E. Carter.—Oh, yes. ‘ 
E. M. Wisre.—There are a lot of those. 


F. E. Carrer.—lIf an object is just held over a platinum bath, not much can be 
expected. As regards the hardening effect of iridium, as far as we know, the alloys 
of platinum and iridium are purely solid solutions. We find that as far up as one’can 
go, and still have a real workable alloy, which is 30 or 35 per cent., the hardness 
increases and tends to become constant around 30 or 40 percent. We know that an 
alloy of iridium with a few per cent. of platinum in it is very hard, but not as hard 
probably as alloys in the middle of the curve. Pure iridium is quite workable, but 
with the slightest amount of other platinum metals present, it is difficult to work at 
all. It must be worked at a very high temperature, too. You mentioned 50-50 
platinum-copper. 


E. M. Wise.—Fifty-fifty atomic. 


F. E. Carrer.—Say 80 platinum, 20 copper by weight. That comes within our 
range, of course. It is workable and it oxidizes with quite a black film. They are 
alloys which work fairly well, provided they are worked hot. 

Palladent is an alloy of palladium and silver containing 40 per cent. palladium. 


S. J. Batur, New York, N. Y.—Dr. Carter, will you discuss the segregation of 
platinum alloys, particularly iridium-platinum and platinum-palladium? I mean in 
fairly large melts of 50 or 100-oz. bars. 


F. E. Carrer.—You do not mean the coring of the crystal grains. You mean 
probably the segregation at the top and the bottom of the bar. We have never 
noticed anything of that kind. If you pour at the right temperature and chill at the 
right temperature, there is really no difference in one part of the bar from another. 
That is absolutely sure, because if you take an 80 per cent. platinum 20 per cent. 
iridium alloy (used so much in fuse wires where the resistance has to be very constant), 
each part of the bar has the same resistance as the other, and we use that as a careful 
check. We have practically never found, if we get the proper mixing, that there is 
segregation of any sort. Platinum-palladium alloys are equally free of segregation. 


Gold, Silver, Copper Alloys 


By Freperic KE. Carrer,* Newark, N. J. 


(New York Meeting, February, 1928) 


Tue gold, silver, copper alloys have been the subject of several fairly 
complete investigations by Janecke, Sterner-Rainer' and others, and 
indeed it would seem as if almost too much labor had been expended on 
them when one thinks of the numerous other ternary alloys calling for 
more light; however, the combinations of the three metals are actually 
so widely used in jewelry that they merit perhaps the work done on them. 
There are a few properties of importance and interest not treated by the 
authors mentioned which the writer investigated some little time ago, 
and therefore he has ventured to put on record the results of some of his 
tests made at that time. He has chosen, as being the two series of most 
importance to the jeweler, only the 14 and 18-kt. golds, so the subject is 
by no means ‘0 inclusive as that previously treated. As stated, this paper 
is merely a record of tests made in a practical manner on two useful series 
of alloys, and is not at all a critical study of their properties. 


14-Karat ALLOYS 


These alloys are important because they are the most generally used 
in 14-kt. jewelry; by changing the proportions of silver and copper there 
are obtained all shades of color from the green of the alloy containing 
gold and silver but no copper, to the red of the alloy containing gold and 
copper but no silver. Many 14-kt. gold alloys are made with the addi- 
tion of zinc to the three metals mentioned here; the added metal does not 
appreciably alter the color of the alloy nor has it, in general, much effect 
on the working properties; it may, however, prove useful as part of the 
zine added may act as a deoxidizer and render the alloy free of gas. Itis 
not a necessary addition because with proper precautions all the 14-kt. 
gold alloys containing only silver and copper in addition to the gold can 
be made free of gas and capable of being cold rolled without cracking. 
The alloys in which approximately equal quantities of silver and copper 
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‘HK. Janecke: Das terniire System Kupfer, Silber, Gold. Metallurgie (1911) 8, 
597. 

L. Sterner-Rainer: Hinige Eigenschaften der Legierungen Au-Ag-Cu. Zeitschr. 
fiir Metallkunde (May, 1926) 18, 143, and Rekristallisation und Entfestigung von 
Edelmetallegierungen (June, 1927) 19, 245. 
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are present (Nos. 7 and 8) have a tendency to crack somewhat on rolling 
and to break on wire drawing; in these cases the addition of a little zinc 
is beneficial. 

The various alloys used for the experiments are given in Table 1; the 
gold, of course, was kept at 58.33 per cent., the silver varied from 41.67 
per cent. to none and the copper from none to 41.67 per cent. 

Melts of 12 oz. were used. The requisite amounts of the pure metals 
were weighed out, placed in a No. 1 graphite crucible, and completely 
covered with powdered charcoal. The alloys were poured at a moderate 
heat into a split iron mold giving an ingot 2 by 2 by 3¢ inches. 


TABLE 1.—Composition of Alloys Investigated 


ae Au, Per Cent. Ag, Per Cent. Cu, Per Cent. 
1 58.33 | 41.67 0 
2 58.33 34.97 6.70 
3 58.33 33.33 8.34 
4 58.33 31.25 10.42 
5 58.33 | 29.67 12.00 
6 58.33 27 17 13.90 
7 58.33 22.92 18.75 
8 58.33 20.83 20.84 
9 58.33 18.75 BD Op. 
10 58.33 | 16.00 25.67 
11 58.33 | 12.00 29.67 
12 58.33 | 10.42 | 31.25 
13 58.33 8.34 | 33.33 
14 58.33 6.70 34.97 
15 58.33 0 41.67 
Color 


There is a gradual transition in color from the green of No. 1 to the 
red of No. 15; alloys No. 1 to 6 may be classed as green golds, No. 7 to 10 
as yellow golds, and No. 11 to 15 as red golds. 


Specific Gravity 


The specific gravities were first determined for the alloys in the cast 
form and a correction made so as to give the specific gravity at 15.5° C. 
(60° F.). The ingots were then cold rolled to }4 in. and the specific 
gravities redetermined. 

It will be observed from Table 2 that in many cases the specific 
gravity of the rolled alloy is materially greater than that of the same 
alloy in the cast condition. A slight increase is expected, due to a real 
change of gravity of the alloy by rolling, but the larger increases are due 
to the fact that the alloy, as cast, contained a certain amount of gas 
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Taste 2.—Specific Gravity of Cast and Hard-rolled 14-kt. Alloys 
a Ra a a 


Cast Alloys Hard-rolled Alloys 
wee : : : 
” Specific Gravity | Troy Oz. per Cu. In. Specific Gravity | Troy Oz. per Cu. In. 
1 14.35 7.56 14.42 7.60 
2 14.02 7.39 14.02 7.39 
3 13.72 7.23 13.99 7.37 
4 13.72 7.23 13.91 7.382 
5 13.52 7.13 13.86 7.30 
6 13.59 7.16 13.78 7.26 
if 13.60 ey 13.58 7.16 
8 13.28 7.00 13.50 cpeal 
9 13.43 7.08 13.47 7.10 
10 13.09 6.90 13.30 On 
iil 13.06 6.88 13.14 6.92 
12 13.00 6.85 13.18 6.92 
13 12.90 6.80 13.02 6.86 
14 12.90 6.80 12.95 6.82 
V5 12.50 6.59 12.71 6.70 


which compresses more than the alloy itself on rolling and thus effects an 
apparent considerable increase in specific gravity. The results in Table 2 
are given diagrammatically in Fig. 1. 


na ope 
a ESBS : ire Li Ls Roites { — 
oad Pact as 


Srearmic Gravity 
G 
re 


12.6 
wath ae 
41.67 38.0 33.3 03 297 278 229 268 18.8160 20 104 B83 6F © Ag 
re) 67 B.3 10.4 120 13.9 18.8 20.8 229257 297 31.3 313 35,0 467 %Cv 
Fig. 1.—Compostrion oF 14-KT. GOLD, SILVER, COPPER ALLOY; BASED ON RESULTS IN 
TABLE 2. 


These determinations show that a simple method for finding out 
whether a metal or alloy is ‘“‘gassed”’ is to measure the specific gravity in 
the cast state and in the cold-rolled state; if there is much difference in 
specific gravity the ingot has gas inclusions. 
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Brinell Hardness 


The hardness of the alloys was first measured in the ingot as cast by a 
Baby Brinell machine, 2-mm. ball, 120-kg. load. The alloys were then 
cold rolled without annealing from 3¢ in. thickness to 1¢ in. thickness 
and the hardness determined in the hard-worked condition. The rolled 


‘alloys were then cut up into pieces 34 by 14 by 1 in. and put into an elec- 


TaBLE 3.—Brinell Hardness of 14-k& Alloys, Cooled Slowly 


Cooled Slowly after Annealing at 
Cast Hard 
No. Worked 


400° C. | 500° C. | 550° C. 600° C. | 650° C. | 700° C. | 800° C. 


1 53 115 120 112 69 64 62 59 56 
2 118 210 242 218 148 140 138 128 | 116 
3 144 240 278 240 179 166 162 168 150 
4 170 278 300 278 234 224 226 242 230 
5 217 270 |. 310 | 285 251 250 255 258 255 
6 
7 
8 
9 


242 286 332 293 240 272 278 270 258 
250 322 330 280 227 217 267 250 237 
250 320 342 269 237 206 260 251 250 
290 335 342 285 234 215 267 263 239 


10 255 322 342 292 233 231 250 237 258 
11 206 302 320 | 255 226 214 220 210 194 
12 183 286 300 | 264 190 174 165 167 161 
13 172 282 282 | 242 200 ZOD eco 179 160 
14 154 276 | 282 | 242 192 160 165 160 144 
15 113 268 | 242 | 174 156 130 130 126 110 


TapLe 4.—Brinell Hardness of 14-kt. Alloys, Quenched 


Quenched after Annealing at 


Alloy Hard 
No. Cast | Worked ) Leshaae - 
400° C. | 500° C. | 550° C. | 600° C. | 650° C. | 700° C. | 800° C. 
| | i = 
53 115 110 110 65 62 59 56 54 


1 

2 118 210 234 195 168 110 108 iit 102 
3 144 240 258 200 148 131 130 | 128 117 
4 170 278 288 245 240 166 144 143 140 
5 217 270 302 251 242 180 160 160 152 
6 242 286 302 270 242 200 170 174 160 
7 250 322 330 215 212 203 167 184 201 
8 250 320 340 243 ERS = | PAIL 183 181 198 
9 290 335 340 251 214 | 220 181 172 186 


10 255 322 338 254 220 206 167 190 172 
11 206 302 302 235 224 198 182 178 170 
12 183 286 312 237 186 176 165 145 143 
13 172 282 282 201 188 168 170 166 152 
14 154 276 265 186 176 166 163 150 139 
15 113 268 220 166 139 126 129 124 108 
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trically heated furnace for annealing. Tests were made for each piece at 
400°, 500°, 550°, 600°, 650°, 700°, 800° C., the alloy being kept in the fur- 
nace for 5 min. after the sample had reached the furnace temperature; in 
each case one piece was allowed to cool slowly in the air after removing 
from the furnace and a second piece of the same alloy was removed and 
quickly quenched in water. Tables 3 and 4 give the results obtained. 

The figures for hardness in the hard-rolled and in the cast condition 
are given, together with the ratio of these hardnesses, in Table 5. 


TaB.Le 5.—Hardness of Hand-rolled and Cast Alloys and Ratio of Hardness 


Alloy No. Hardness, Hard-rolled Hardness, Cast Ratio of Hardnesses 
1 115 53 2747 
2 | 210 | 118 1.78 
3 240 144 1.67 
4 278 170 1.65 
5 270 | 217 1.4 
6 286 | 242 1.18 
i 322 | 250 1.28 
8 320 250 T:38 
9 335 | 290 1.15 

10 322 | 255 1.26 
11 302 206 1.47 
12 286 | 183 1.56 
13 282 172 1.64 
14 276 | 154 | 1.79 
15 268 | 113 2.37 
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41.67 35.0 33.3313297278 229208183160 120 104 836.7 OonAg 
° G.7 8.3 10.412.0 13.9 $8.8 208229257 29.7 31.3 333 35.7 41.67 Focu 


Fic. 2.—CompositIon or 14-xr. GOLD, SILVER, COPPER ALLOY; BASED ON RESULTS IN 
TABLE 5. 
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The results in Table 5 are plotted in Fig. 2, the abscissa being the 
percentages of silver and copper and the ordinate the ratio of the 
hardness. It will be seen that the hardening effect of rolling is consider- 
able where either silver or copper.is greatly in excess of the other metal 
and that the alloys where silver and copper are in about equal proportions 
do not harden much on rolling. 

Another feature of interest is the initial hardening which the alloys 
undergo when the hard-worked material is heated to a temperature 
somewhat below that at which softening begins. This phenomenon 
seems to be a general one in metals and alloys and has not yet received 
adequate explanation. Examination.of Tables 3 and 4 will show that 
there does not seem to be any connection between the composition 
of the alloy and the magnitude of this initial hardening. It was thought 
worth while to examine this phenomenon more closely in the case of one 
of the alloys of the series, and No. 4 was chosen for the purpose. 
A new melt of this alloy was made and the ingot rolled down from 3g 
to 1¢ in. thick without annealing; the Brinell hardness was 269. ‘Test 
pieces of the hard-rolled material were immersed in a bath of molten 
potassium nitrate at a temperature of 400° C. The time of immersion 
varied from 15 sec. to 2 hr. The hardness values obtained were: 


ise caseerpaciecatas es 298 AKO irdvldl es ae no ee ae ee 269 

ESO SECU a ota oie tvaseae eee eneee 302 Nays cuba OA 4.8 nee ore eee eee 269 

GUISE Cit ae ern enc hee 300 ZO see Pee access QDs 

OO SEH. rtmdee cite oes claiee 300 GOSMM ee tates cre cence ets Dil 
DP PTINV I eee ores crater 293 TZO MMI eee eh ee ees 183 
iaeub alee ee he ee ee eee ee 283 


It will be observed therefore that the maximum temporary increase 
in hardness is reached within a very short time after subjecting the alloy 
to the annealing temperature; the transitory nature of the phenomenon 
probably explains both the apparent absence of an increase in hardness 
in some cases and the nonuniformity of such an increase in others of the 
alloys in Tables 3 and 4 in which 5-min. periods were used. In this 
connection it might be mentioned that alloy No. 4 showed no change 
in hardness after boiling in water for 17 hr. It is interesting to compare 
these results with those given by Sterner-Rainer. 

Examination of Tables 3 and 4 will show that, in general, the slowly 
cooled alloys are considerably harder than the quenched alloys; this 
increase in hardness of the alloys in passing through a certain range of 
temperature is observable in every case where gold and copper are 
present, irrespective of the presence of other metals in the alloy. Similar 
results were obtained by Kurnakow and Zemezuzny,’ who explained the 

2N. Kurnakow and S. Zemczuzny: Uber die Legierungen des Kupfers mit Nickel 
und Gold. Die elektrische Leitfihigkeit der festen Metallésungen. Zeitschr. 


-anorg. Chem. (1907) 54, 159. N. Kurnakow, S. Zemezuzny and M. Zasedatelev: 
The Transformations in Alloys of Gold with Copper. Jnl. Inst. Met. (1916) 15. 305. 
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phenomenon by stating that some sort of a compound of gold and copper 
is formed in the solid state when the alloys are slowly cooled from the 
fusion point to atmospheric temperature but that when the material is 
quenched, the range of formation of the compound is passed so quickly 
that the compound has not the opportunity to form and the quenched 
alloy is much softer than the slowly cooled alloy. 


Tensile Strength 


The tensile strength of the alloys was measured on wires of 0.002 in. 
dia. and in the hard drawn condition. A balance beam was used for the 
purpose, the wire being stretched to the breaking point by gradually 
running mercury into a container suspended from the other end of the 
balance beam. The figures in Table 6 are the weights of mercury, in 
ounces avoirdupois, which had been run in when the wire snapped. 


TaBLE 6.—Tensile Strength of 14-kt. Alloys 


Alloy Tensile Strength Oz. (Avoir:) 
1 3.8 
2 ise 
3 Chae | 
4 8.0 
5 9.1 
6 8.8 
7 1OrL 
8 9.9 
9 10.0 

10 8.8 
rel 10.2 
12 9.4 
13 10.0 
14 10.4 
15 8.8 


The tensile strengths in the table do not show any regularity with 
regard to composition; this is probably due to the difficulty of obtaining 
fine wires in exactly the same condition, for a slight difference in the 
amount of draft given on rolling down would somewhat affect the results. 
Attention need only be drawn to the comparatively weak gold-silver 
alloy No. 1. 


Erichsen Test for Ductility 


These tests were made on sheets of the various alloys 314 by 314 by 
0.040 in. in a standard Erichsen machine; one set of readings was obtained 
on sheets annealed at 750° C. and cooled slowly and another set of read- 
ings on sheets annealed at the same temperature and quenched (Table roe 
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TaBLEe 7.—Erichsen Number of 14-kt. Alloys 


Erichsen Number 
Alloy 
Cooled Slowly Quenched 
1 11.4 ils} 
2 10.3 9.7 
3 9.2 10.1 
4 8.0 é 9.6 
5 8.1 10.5 
6 ioe 9.1 
7 a3 of 
8 6.9 8.9 
9 7.6 9.4 
10 7.6 9.0 
dail 8.9 8.9 
12 9.5 9.2 
13 10.0 9.9 
14 10.3 10.3 
15 11.3 11.4 


It will be observed that alloys 1 and 15 have about the same ductility; 
that is, 41.67 per cent. of either silver or of copper have the same effect 
on gold. The addition of copper to the gold-silver alloy or the addition 
of silver to the gold-copper alloy causes a gradual decrease in the ductility 
and the alloys with the lowest ductility are those in which the proportions 
of copper and silver are approximately equal. The table is of interest 
as it shows the effect of quenching on the ductility of the alloy; 1 and 2 
at the silver end and 11, 12, 13, 14 and 15 at the copper end are not 
rendered more ductile by quenching but the effect is quite distinct in the 
alloys from 3 to 10. This indicates that there is formed, as discussed in a 
previous paragraph, a harder and less ductile compound on slowly cooling 
those alloys in which copper lies between 8.34 and 25.67 per cent. 


Melting Points 


The melting points were determined by carefully heating in an electric 
tube furnace a loop of wire, about 0.030 in. dia., which was connected 
to a platinum wire at one end and a platinum-ten per cent. rhodium wire 
at the other. The temperature was read by means of a sensitive milli- 

voltmeter and the heating was carried out in a hydrogen atmosphere to 

prevent oxidation. The temperature at which the millivoltmeter read- 
ing dropped to zero indicated the breaking of the circuit by fusion of the 
gold alloy wire. Table 8 gives the results obtained; the column marked 
Janecke gives figures taken from the paper by Ernst Janecke. 


a 
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TasLE 8.—Melting Point of 14-kt. Alloys 


eae Sa ae Be ee ee a 


Alloy Melting Point, Deg. C. Janecke, Deg. C. 
1 1021 | 1023 
2 930 917 
3 909 905 
4 887 888 
5 879 875 
6 861 862 
7 837 845 
8 838 838 
9 842 846 

10 847 853 
11 860 867 
12 870 872 
13 | 873 880 
14 881 888 
15 922 922 


Electrical Resistance 


The resistance was measured on 10 ft. of the hard drawn wire of 0.010 
in. dia. by means of a Wheatstone bridge. The results given in Table 9 
are for a temperature of about 20° C. 


TasBLE 9.—Electrical Resistance of 14-kt. Alloys 


Electrical Resistance 


Alloy a = = 
Ohms per Mil Ft. Microhms per Cm. Cube 

1 56.8 9.4 
2 64.4 10.7 
3 | 63.6 10.6 
4 65.2 10.8 
5 66.0 11.0 
6 66.8 hewn 
ii 69.2 L125, 
8 69.2 11.5 
9 70.0 1G 
10 70.0 ibhae 
11 74.4 12.4 
12 70.8 11.8 
13 69.2 1195 
14 69.2 11.5 
15 66.8 iad 


The figures indicate that the alloys at the silver end of the series have | 
a lower electrical resistance than those at the copper end. 
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Electromotive Force 
The electromotive force of the various alloys was measured against 
chemically pure platinum in an electrically-wound tube furnace 
kept at 800° C. The wires used were 0.0236 in. dia. and were annealed 
before testing. 


TasLE 10.—Electromotive Force of 14-kt. Alloys 


Alloy E. M. F, against Pt at 800° C. 
¥ M.v. 
1 8.25 
2 8.84 
3 8.95 
4 9.25 
5 9.47 
6 9.56 
a 9.60 
8 9.80 
9 9.80 
10 9.85 
11 9.65 
12 9.75 
13 Gr15 
14 9.80 
15 10.26 


Table 10 shows that the alloys with higher copper content give the 
greater electromotive force against platinum, that containing gold and 
copper only having the greatest value of the whole series. 


18-KaratT ALLOYS 


The 18-kt. alloys are important because they are most generally used 
in 18-kt. jewelry; by changing the proportions of silver and copper there 
are obtained all shades of color from the green of the alloy containing 
gold and silver but no copper, to the red of the alloy containing gold and 
copper but no silver. If the addition of zinc is useful as a deoxidizer and 
renders the 14-kt. gold alloys free from gas, it is not such a desirable 
addition to the 18-kt. gold alloys of copper and silver. ‘These are more 
easily cast free from gas than the 14-kt. alloys and with the exception 
of the alloy containing only gold and copper are readily rolled with- 
out cracking. 

The various alloys used for the experiments are given in Table 11; 
the gold, of course, was kept at 75 per cent., the silver was varied from 
25 to none and the copper from none to 25 per cent. 

Melts of 15 oz. were used. The requisite amounts of the pure metals 
were weighed out, placed in a No. 1 graphite crucible and completely 
covered with powdered charcoal. The alloys were poured at a moderate 
heat into a split iron mold giving an ingot 2 by 2 by 3¢ inches. 


796 


Taste 11.—Composition of Alloys Investigated 


GOLD, SILVER, COPPER ALLOYS 


Alloy No. Au Ag | Cu 
1 75.0 25.0 | 0 
2 75.0 22.0 3.0 
3 75.0 20.0 5.0 
4 75.0 19.0 6.0 
5 75.0 17.0 8.0 
6 75.0 14.0 aah) 
a 75.0 13.0 12.0 
8 75.0 12.5 12.5 
9 75.0 12.0 13.0 
10 75.0 ee 14.0 
11 75.0 8.0 17.0 
12 75.0 6.0 19.0 
13 75.0 5.0 20.0 
14 75.0 3.0 22.0 
15 75.0 Oe 25.0 


There is a gradual transition in color from the green of No. 1 to the 
red of No. 15; alloys 1 to 5 may be classed as green golds, 6 to 10 as i 
golds, and 11 to 15 as red golds. 


Color 


Specific Gravity 


The specific gravities were first determined for the alloys in the cast 
form and a correction made so as to give the specific gravity at 15.5° C. 


TaBLE 12.—Specific Gravity of 18-kt. Alloys 


Cast Alloys | Hard-rolled Alloys 
Alloy No. ———| 
Specific Gravity | Troy Oz. per Cu. In. | Specifie Gravity | Troy Oz. per Cu. In. 

1 | 16.02 | 8.44 16.02 8.44 

2 15.85 8.35 15.85 8.35 

3 15.77 8.31 ARV ér 8.31 

4 15.61 | 8.23 15.60 8.22 

5 15.57 8.21 15.58 8.21 

6 15.19 8.00 15.40 8.12 

7 15.31 8.07 15.35 8.09 

8 15.05 7.93 15.25 8.04 

9 15.03 7.92 15.29 8.06 
10 14.97 7.89 15.25 8.04 
11 14.84 7.82 15.10 7.96 
12 14.84 7.82 15.02 7.92 
13 14.85 7.82 14.97 7.89 
14 14.67 7.18 14.84 7.82 
15 14.59 7.69 14.73 7.76 
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(60° F.). The ingots were then rolled to 14 in. and the specific gravities 
redetermined. (Table 12.) 

The results in Table 12 are given diagrammatically in Fig. 3. 

It will be observed from Table 12 that in many cases the specific 
gravity of the rolled alloy is greater than that of the same alloy in the 
cast condition. A slight increase might be expected, due to a real change 
of gravity of the alloy by rolling, but the larger increases are due to the 
fact that the alloy as cast contained a certain amount of gas which com- 
-pressed more than the alloy itself on rolling and thus caused an apparent 
considerable increase in specific gravity. 


SpPearic Gravity 


25 22 2019 «IT 14.13 12M ay ee ee | 0 % Ag 
0 3 $6 8 1) 12 13 14 17, 19 20 22 25 %Cu 


Fig. 3.—ComMPosiITION OF 18-KT. GOLD, Saale COPPER ALLOYS; BASED ON RESULTS IN 
TABLE : 


These determinations show that a simple method of finding out 
whether a metal or alloy is ‘‘gassed”’ is to measure the specific gravity in 
the cast state and in the rolled state; if there is much difference in specific 
gravity the ingot had gas inclusions. 


Brinell Hardness 


These tests were made in the same way as for those of the 14-kt. golds. 
Tables 13 and 14 show that the hardness of the alloys of the series, 
either in the cast or hard-rolled condition, increases with the copper con- 
tent. At the same time it will be seen that the degree of hardening on 
cold rolling is fairly uniform and that, with the exception of the last two 
alloys, the Brinell number is increased to the extent of 80. : 
The alloys, with the exception of No. 15 are all easily workable regard- 
less of the method of heat treatment afforded them. With this last alloy 
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of the series quenching after heating the metal above 500° C. is necessary 
in order to procure a workable product. 

From Tables 18 and 14 it will be seen that the quenched alloys are not 
appreciably softer than the slowly cooled alloys except in the cases of 
those high in copper. 


~ 'TasLe 13.—Brinell Hardness of 18-kt. Alloys 


Cooled Slowly after Annealing at 


Alloy Gast Hard pa 
No. Worked 
400° C. | 500° C. | 550° C. | 600° C. | 650° C, | 700° C. | 800° C. 

1 45 113 113 70 59 55 54 | 53 52 
2 83 166 166 98 93 83 85 84 82 
3 103 188 194 | 130 .108 | 104 106 102 94 
4 117 201 206 | 151 121 121 121 109 103 
5 139 220 220 | 152 130 130 130 124 112 
6 158 234 258 | 176 172 166 144 138 | 1385 
a 170 245 258 179 176 | 163 144 138 134 
8 166 234 258 | 182 | 172 | 168 152 148 144 
9 156 265 235 181 162 | 155 148 145 141 
10 166 265 23 (ame 201 al 2 le OO 156 156 145 
11 174 267 25190) e201 186 | 167 161 162 - 156 
12 192 282 280 190 196 | 186 181 170%) 165 
13 224 302 295 | 190 | 190 198 196 170 167 
14 245 302 302 276 | 267 | 237 186 196 162 
15 265 321 370 347 | 342 287 330 323. 236 


TaBLE 14.—Brinell Hardness of 18-kt. Alloys 


Quenched after Annealing at 


Alloy Gast Hard = 2 tee aa —_ = f 
No. Worked ] | | l 
400° C. | 500° C. | 550° C, | 600° C. | 650° C. | 700° C. | 800° C. 
1 eed eg kes 110 | & | 59 | 55.) 54 54 52 
oe ie Some OG 161 96 92 | 85 83 84 82 
3° 103 | 188 188 155) | L106 106 104 101 98 
4 | 1175 201 201 LOR eZ 120 114 109 104 
5 } 139 | 220 214 | 194 | 130. | 129 128 122 112 
6 158 234 255 174 say, 152 144 139 134 130 
7 170 245 245 174 152 146 1420 13S eee l3O 
8 166 | 284 | 258,. | 1O8ve| MIBGal) 154. | 152 seers 
9 156 | 265 237 204 | 156 148 148 | 1389 137 
10; +) 1166 265 | 287 194 SRI GIT t ers0 150; \" 145 140 
11 17426 Zale S258 204 | 162 | 154 156 147 141 
12; | 192. | 282 263 196. | 172 |} 165 160 152 148 
13 224 | 302 267 Tosa) LS ee re 167 | 160 156 
14 | 245 | 302 | 323.| 186 | 172° | ‘162 | 167 | 156 | 160 
15 | 265 | 321 343 186 178 | 167 176 | 156 167 
_—$—$—$———— ee ee eee 


‘The figures for hardness in the hard-rolled and in the cast condition 
are reproduced, together with the ratio of these hardnesses, in Table 15. 
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TasLe 15.—Hardness of Hard-rolled and Cast Alloys and Ratio 
of Hardness 


Alloy No. Hardness, Hard-rolled Hardness, Cast Ratio of Hardnesses 
1 ies 45 2,51 
2 166 83 2.00 
3 188 | 103 1.82 
4 201 117 jee 
5 220 139 * 1.58 
6 234 158 1.48 
rae 245 170 1.44 
8 234 | - 166 1.41 
9 265 | 156 1.70 

10 265 166 1.60 
11 267 174 1.53 
12 | 289 | 192 1.47 
13 | 302 | 224 1.35 
14 | 302 245 1.23 
15 | 321 265 1.21 


25 22. 2019 7 413 1200 a 65 3 o %Ag 
° 3 56 6 We 12 13 14 17 19 20 22 25 %Cu 


Fig. 4.—ComposiTIon or 18-KT. ore La COPPER ALLOYS; BASED ON RESULTS IN 
ABLE 15. 


The results in Table 15 are plotted in Fig. 4, the abscissa being the 
percentage of silver and copper and the ordinate the ratio of the hardness. 
It will be seen that the hardening effect of rolling is considerable in the 
case of the high-silver alloys whereas the effect is comparatively small 
with those containing much copper. 

Tensile Strength 

The tensile strength of the alloys was measured as in the case of the 

14-kt. golds. (Table 16.) 
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TaBLE 16.—Tensile Strength of 18-kt. Alloys 


Alloy ; Tensile Strength, Oz. (Avoir.) 
1 3.6 
2 6.1 
3 6.4 
4 6.8 
5 8.0 
6 8.4 
a 8.5 
8 8.6 
9 3.4 
10 8.8 
11 8.2 
12 8.9 
13 9.1 
14 9.4 

15 9.3 


Alloy No.1 is therefore much weaker than the remaining members of 
the series; increasing the copper content increases the tensile strength. ; 


Erichsen Test for Ductility 


These tests were made on sheets of the various alloys as in the 14-kt. 
golds. (Table 17.) 


TasLE 17.—Erichsen. Number of 18-kt. Alloys 


Erichsen Number 
Alloy 
Cooled Slowly Quenched 

1 7.3 1320 
2 6.5 gL AF 
3 5.3 11.4 
4 4.8 EG) 
5 3.8 11.0 
6 3.1 10.0 
i 3.5 9.8 
8 3.6 9.5 
9 3.8 10.0 
10 | 2.5 8.2 
11 2.9 8.8 
12 3.2 8.4 
13 2.9 7.9 
14 226 5.8 
15 


' 


The ductility therefore decreases uniformly with the increase in the 
copper, both in the slowly cooled and in the quenched condition. It was 
not possible to obtain a satisfactory sheet for test in the case of No. 15. 
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M elting Points 


The melting points were determined as before. Table 18 gives the 
results obtained; the column marked Jinecke gives figures taken from the 
paper by E. Janecke. 


TABLE 18.—Melting Point of 18-kt. Alloys 


eee ee ee ee 


Alloy Meltiug Point, Deg. C. Jinecke, Deg. C. 
1 1037 j 1032 
2 1000 975 
3 964 941 
4 952 935 
5 935 918 
6 900 | 898 
z 892 895 
8 902 893 
9 | 881 890 

10 | 873 880 
11 869 878 
12 | 885 878 
13 | 880 879 
14 887 881 
15 897 : 


ee 
Electrical Resistance 


The resistance was measured in the same way as in the 14-kt. alloys. 
The results given in Table 19 are for a temperature of about 20° C. 


Taste. 19.—Electrical Resistance of 18-kt. Alloys 


| Electrical Resistance 
| 


Alloy 
Ohms per Mil Ft. Microbms per Cm. Cube 
1 59.5 9.9 
2 64.6 10.7 
3 ; 67.6 11.2 
4 69.3 11.5 / 

5 Tse 1r.9 
6 74.0 12.3 
7 75.5 12.6 
8 (Be 12.5 
9 76.1 Pet 
10 AG aM 12.9 
11 oad il}, 
12 79.4 13.2 
13 79.9 13.3 
14 81.0 13.5 


. 
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The alloys at the silver end of the series have a lower electrical resist- 
ance than those at the copper end. 


Electromotive Force 


The electromotive force of the various alloys was measured as in the 
14-kt. golds. 


TaBLe 20.—Electromotive Force of 18-Kt. Alloys 


Alloy E. M. F. egninst Pt at 800° C. 
1 7.90 
2 8.20 
3 8.20 
4 8.35 
5 8.40 
6 8.62 
7 8.80 
8 8.50 
9 8.70 
10 9.10 
11 8.95 
12 8.95 
13 8.70 
14 | 8.50 
15 | 8.60 


The alloy containing only gold and silver has, therefore, the lowest 
value but there does not appear to be any regularity in the other members 
of the series. 


DISCUSSION 


E. M. Wisk, Bayonne, N. J.—In reply to Dr. Carter’s request for an etching 
reagent suitable for gold and silver alloys, I would suggest the use of a mixture of 
equal parts of 10 per cent. solutions of ammonium persulfate and potassium cyanide. 
This etching reagent is effective only for a short time after mixing, but is the most 
generally useful solution available. It is particularly desirable for silver content 
alloys, where so many other etching solutions fail on account of the formation of 
insoluble films on the specimen. The same solution is also very effective for 
palladium alloys. 

The age-hardening observed in some of the gold, silver, copper alloys is of both 
theoretical and practical interest, and while it may be observed in hard-rolled alloys 
it is most clearly shown by observing the changes in hardness of material which has 
been previously annealed and quenched. 

In Fig. 5 the variation in hardness of a 10-kt. yellow gold alloy, after aging at 
various temperatures for one hour, is shown. The curves are shown, one for material 
which has been reduced 50 per cent. by cold rolling, and the other for material which 
has been annealed at 750° C. and quenched in oil. The hardness values on the K 
scale were determined with the Rockwell hardness tester using 100-kg. load and the 
diamond cone. The equivalent B and C seale readings are also given. 
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G. F. Kunz, New York, N. Y.—Would you call it 10-kt. gold? There is not more 
than one-third ‘eid’! in Paik But anyway, by weight, there are 14 parts alloy and 10 
gold. The specific gravity of the alloy would be nearly 50 per cent. lighter, so virtu- 
ally there is not one-half gold. 


E. M. Wrse.—The 10-kt. was chosen arbitrarily. The same phenomena are 
observed in 14-kt. and higher karat gold alloys. 


ra) 100 200 300 900 500 00 700° Deg Cc. 
Heated One Hour 


Fie. 5.—ANNEALING AND AGING CHARACTERISTICS OF A 10-KT. YELLOW GOLD ALLOY. 


E. A. Capttton.—These alloys are subject to the same disease as brass. We 
find that season cracking occurs in 10-kt. gold as in brass. We have also found that 
we can do away with that by annealing at a low temperature around 700° or 800° F. 
Annealing at that temperature prevents season cracking, and there is a noticeable 
increase in hardness. I believe this is in accordance with the results given in 
this paper. 


Use of the Noble Metals for Electrical Contacts - 


By E. F. Kinassury,* New York, N. Y. 


(New York Meeting, February, 1928) 


Onu of the well-known and important uses of the noble or precious 
metals has been for electrical contacts. In fact, the elements of this 
group, comprising gold, silver and the six platinum metals, have been 
called “noble” because of their ability to resist heat and corrosion, 
properties which were early found to be of importance in good contacts. 
Of these, platinum and its iridium alloys, palladium, and silver, have 
been extensively used. In recent years the electrical industry has been 
responsible for about one-eighth of the total consumption of the platinum 
metals in the United States. Information is not available as to what 
part of this one-eighth has been used for contacts but it is certainly an 
important one. 


SUBSTITUTES FOR PLATINUM 


During the past 20 years a considerable number of contact alloys 
have been proposed in the patent literature largely with the aim of more 
or less replacing platinum by gold or silver, and some of these alloys are 
finding increasingly widespread application as the reliability of their 
performance becomes established. From even the partial data at hand 
it appears that this substitution by the less precious metals has replaced 
at least one-half of the amount of platinum that the entire electrical 
industry would otherwise be consuming at the present time. 

While the subject is of considerable interest to the metallurgist it is 
even more so to the electrical engineer and it is surprising that the 
literature records no systematic and comprehensive investigation along 
these lines. Practically all the scattered work on noble metal contacts 
has centered around platinum as a standard and has had two more or 
less distinct aims. One, of these has been the replacement of platinum 
by cheaper materials, and the other, the development of materials of 
superior electrical performance. The merit of a contact metal has been 
assumed to be dependent on its infusibility, and since the more precious 
metals have the higher melting points there has naturally been an 
association of the two qualities in the sense that the more precious were 
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supposed to be of superior performance. This belief, combined with a 
lack of understanding of the electrical requirements, has undoubtedly 
retarded the widespread application of the less precious alloys. 

In spite of this condition, however, the use of cheaper platinum sub- 
stitutes for contacts, as for other technical applications, has been forced 
by the economic situation. The unstable and continually mounting 
price of platinum, uncertainty regarding its supply, and the increasing 
demand have furnished strong incentives to experiment with substitutes. 
All of this has resulted in important savings to the industry. Although 
at the present time the price of platinum is declining and the production 
is increasing, it is very unlikely that the use of substitutes will be dimin- 
ished, especially as these substitutes are in many cases actually proving 
superior to platinum. 

There are on the market several alloys of the platinum metals that 
are used because they are superior to platinum in melting point and 
hardness and there are certain types of circuits and conditions where 
they are demanded, regardless of cost, because of their increased resist- 
ance to erosion. Probably the most extensively used of this class are 
the alloys of platinum with iridium. There are several of these in use 
up to about 25 per cent. iridium. As the cost increases with the iridium 
content, the percentage is ordinarily limited approximately to the 
demands of the circuit. An alloy of platinum, iridium and rhodium has 
been found to be of superior performance to the iridium series and is 
used where the binary a lloys are not satisfactory. 


Lack oF RESEARCH ON ELECTRICAL CONTACTS 


There is probably no element in an ordinary electrical circuit so 
little understood as the contacts. Certainly little is known concerning 
the physical and chemical phenomena associated with the interruption 
and closure of circuits. Complex reactions are produced not only in 
the atmosphere itself but between it and the elements composing the 
electrodes, which tend to produce more or less insulating films and which 
may result in the ultimate destruction of the contacts for practical 
purposes. It is of course well known that the conduction of electricity 
by gases depends upon their being ionized and that in this condition 
they are exceedingly active chemically. This fact combined with a 
wide range of temperature attained by particles and localized areas on 
the surface of the electrodes, makes possible the formation of compounds 
that are very critical regarding the conditions necessary for their produc- 
tion and existence. A good example is the formation of the oxides of 
the noble metals, many of which are difficult to produce and which 
exist only within a comparatively narrow range of temperature at 


atmospheric pressure. 
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DEPENDENCE OF BEHAVIOR ON ForM oFf DISCHARGE 


A large amount of study has been devoted to discharges between 
stationary electrodes so that their general characteristics are fairly well 
understood. The mere fact that as contacts the electrodes are in motion 
does not fundamentally alter their nature. The difficulty arises when 
an attempt is made to explain, in detail, the electrical discharges occurring 
with moving electrodes as they occur in a variety of forms and even in 
a single transient discharge there may be a succession of different forms, 
Furthermore the effect on the electrodes may be very radically altered 
as the type of the discharge changes. Some forms produce very little 
disintegration of the electrodes, while others produce a great deal. With 
some the melting point appears to be of great importance while with 
others it does not seem to be of any importance within wide limits, 
With some metals, a slight modification of the discharge may shift the 
predominating loss from one electrode to the other. This situation is of 
importance metallurgically because it means that the composition and 
size of the contacts must be carefully adapted to the type of circuit if 
the most satisfactory service is to be secured at a minimum cost of 
installation and maintenance. 


IMPORTANCE OF MECHANICAL CONDITIONS 


In any discussion of contacts there is one elementary factor which 
should be kept in mind and yet which is so frequently overlooked, judging 
from the inquiries and suggestions received, that it should be mentioned 
here. This factor is the mechanical conditions under which the contacts 
operate. It is obvious that in many cases it determines the choice of 
material. A delicate relay with a contact pressure of only a few grams 
demands a noble metal, whereas a heavy pressure sliding contact in a 
switch can be made of copper. In an automobile ignition interrupter 
it may be possible to use tungsten whereas in a telephone relay, tungsten 
may be a total failure. These examples are sufficient to emphasize the 
important influence of the mechanical conditions on the metallurgical 
aspect of the subject. It is fortunate for the electrical engineer that in 
many cases there has been considerable latitude in the mechanical 
design for, of recent years, it has permitted an enormous number of base 
metal contacts to be used in circuits of low power such as automotive 
ignition, radio sets and dial telephone systems. There are, however, 
many circuits where the power available for the operation of contacts 
is so small and the pressure so limited that only carefully selected noble 
metals will function properly. This applies especially to a large number 
of telephone and telegraph circuits and the discussion given in this paper 
is based largely on a study of them. However, the results are of general 
interest and application, 
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Some stress has previously been laid on the economic aspect because 
of its influence on the development of the subject and because of its 
increasing importance with the expansion of the telephone industry. In 
addition, reference has been made to contact performance. For our pur- 
pose this term covers three factors: Contact resistance, the erosion of the 
electrodes and the building up of objectionable projections due to the 
transfer of metal from an eroded electrode to the opposite one. 

¥ 


Contact RESISTANCE 


The importance of the first factor’is so obvious that it hardly needs 
to be mentioned, for unless a metal consistently gives a low and steady 
resistance at the contact junction it is unsatisfactory, In service the 
number of operations very frequently runs into many millions over a 
long period of time and there must be the minimum tendency for objec- 
tionable oxides and dirt to accumulate. In addition the thickness of 
the contacts must be proportioned so that the erosion will not wear it 
away sufficiently to penetrate to the base-metal support, and when the 
contact is put in service the pressure and maximum separation of the 
electrodes must be carefully adjusted according to certain standards. In 
spite of all this control failures occur even with the best materials avail- 
able. An unknown percentage of failure is no doubt due to dust from 
the atmosphere even though every precaution may be taken to avoid it 
by covering the contacts and filtering the air. This type of failure 
‘obviously cannot be prevented by any selection of material. Under the 
best conditions, many noble metals have so few failures per million opera- 
tions that it is difficult to distinguish between them and to decide which is 
the better one to use. However, a small difference in this respect may 
be important not merely because of the reduction in the number of 
interruptions to the service but because the cost of the maintenance 
required to correct an increased number of failures may more than offset 
any initial saving in contact metal. 

It should be understood that the value of resistance at which a contact 
failure occurs, that is, at which the circuit fails to function, is not fixed 
but depends on the particular circuit. The resistance of a good noble 
metal contact is only a small fraction of an ohm and is usually so much 
smaller than that of the circuit which it is operating that there is a large 
margin of safety. However, if the resistance of a contact much exceeds 
its normal value, it tends to become unstable and microphonie; that is 
vibrations of the apparatus produce fluctuations in the resistance. This 
condition is very objectionable especially if it occurs in a speech trans- 
mission circuit. 

An excellent illustration of the significance of contact resistance 1s 
given by silver. The question occasionally comes up as to why pure 
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silver cannot be used more extensively. Its low cost is attractive and 
one could well afford to use large contacts to offset any increased erosion. 
The answer is that silver and very high silver alloys are of very uncertain 
resistance in light pressure contacts. For example, a comparison of 
silver and platinum has shown the former to give many more failures in 
a million operations and practical experience has also confirmed this 
difference. As is well known, silver tarnishes readily on standing espe- 
cially in atmospheres such as exist in most cities. In order to avoid an 
objectionable tarnish it is necessary to alloy silver with more than half 
its weight of gold. There have been put on the market so-called stainless 
silvers, which claim to accomplish this result by the use of certain base 
metals with silver. One examined by the writer still tarnished slightly 
but the film seemed to be very fragile and loose as it was easily rubbed off. 
Although there is a possibility that stainless silvers will in time find 
limited application in certain types of contacts there is little likelihood 
of their displacing more noble materials. 

In addition to tarnishing by sulfur on standing, silver probably 
oxidizes in electrical discharges. One evidence of this is the fact that 
silver gives trouble even when the surface is being continually erupted by 
the discharge and there is very little time for any ordinary tarnishing. 
There seems to be an impression, which has worked into the literature, 
that’ silver is a good contact metal because its oxides are conducting. 
The writer has not been able to confirm this statement. Tests on the 
common monoxide carefully prepared have shown it to be of very high 
resistance even when strongly compressed in thin discs. It is safe to 
assume in the absence of more complete information that the oxides are 
of sufficiently high resistance to cause trouble if they accumulate in the 
junction. However, they are easily decomposed on heating, a fact which 
tends to keep down their accumulation. 


EROSION OF ELECTRODES 


The second factor in evaluating contact performance is the erosion of 
the electrodes. The ideal material of course is one which is entirely 
unaffected by the various types of electrical discharges. It is needless 
to say that no such metal is known, although fortunately the erosion can 
be controlled to some extent by the proper selection of alloys. It is also 
possible to reduce it in some cases by putting the contacts in chemically 
neutral atmospheres, but this is obviously very expensive and impractical 
on any extended scale. On some circuits even the best alloys available 
erode so severely that it becomes necessary to protect the contacts by 
suppressing the discharge by auxiliary electrical circuits. Contact pro- 
tection on a widespread scale however is out of the question due to its 
expense—it is much cheaper in most cases to tolerate a certain amount 
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of erosion in spite of the fact that contact engineering is necessary to 
proportion the thickness, size, and composition of the contacts to the 
demands of the service. 

It is convenient to classify erosion into three types indicative of funda- 
mental differences in the behavior of contact materials and in the qualities 
demanded for its suppression. These types are distinguished either by 
the polarity of the electrode suffering the predominating loss or by the 
form of the discharge. Two of them are ia glow (as distinguished from 
arc) discharges; one in which the cathode suffers the predominating loss 
and one in which this loss shifts to the anode. The third type occurs in 
capacity discharges. i 


a 


First Typr or EKroston—Gtow DiscHarcr 


The first and most important type of erosion is that occurring in a 
large number of glow discharges produced ordinarily when a low energy 
circuit is interrupted in air. An examination of the electrodes in a case 
of this type will show some erosion and loss in weight of the cathode while 
the anode will probably have acquired a small amount and gained in 
weight. Frequently the anode also loses some in weight but usually not 
as much as the cathode. The cathode loss in a glow discharge is ordina- 
rily associated with the fact that the cathode is bombarded by the heavy, 
positively-charged gas ions and that most of the energy in the discharge is 
dissipated at the surface of the cathode. The process in the case of 
contacts in air bears a close analogy to the so-called sputtering of metallic 
cathodes in low-pressure discharge tubes. 

A considerable amount of study has been devoted to this low-pressure 
sputtering, although at the present time experimenters are not in agree- 
ment concerning the precise means by which the particles of metal are 
detached from the cathode. Several theories have been advanced to 
account for the phenomenon at low pressures. An early one ascribed 
the detachment to vaporization, although it was soon shown that the 
sputtering was independent of the gross heating of the cathode and that 
considerable loss could occur with very little heating. However, it has 
never been proved conclusively that it is not a special kind of surface 
heating and evaporation. Another explanation has been based on the 
mechanical detachment of the particles either directly as a sort of sand- 
blasting effect or as a result of disruption by the occluded gases. The 
third explanation advanced is based on electrochemical grounds and 
presupposes a chemical combination between the gas and the electrodes, 
the resultant compound being torn off because it is less adhesive than the 
metal itself. It seems very unlikely that this explanation can hold in 
many cases because the inert noble gases produce sputtering. In fact, in 


many cases the loss follows a rule of increasing with the atomic weight of 
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the gas so that a heavy one, for example argon, is very efficient. Taken 
as a whole the evidence indicates that low-pressure sputtering cannot be 
ascribed entirely to any one cause but that the mechanism varies accord- 
ing to the chemical activity of the gas, the metal and the energy with 
which the ions strike the cathode. 

It is reasonable to suppose that these same general explanations will 
ultimately be found to hold for the erosion of contacts by glow discharges 
in the atmosphere. However, the conditions prevailing in the disintegra- 
tion of contacts are more complex than in low-pressure sputtering experi- 
ments so that a somewhat different emphasis may be found necessary. 
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Fig. 1—Crrcuirs AND RELAY USED IN CONTACT STUDY. 


There are of course numerous circuits producing glow discharges on 
interruption and the energy dissipated in them varies greatly. Some of 
these discharges produce very little disintegration even over long periods 
of operation whereas others produce considerable. 

The results on the following circuit will be taken as typical of the 
contact erosion produced by a glow discharge at atmospheric pressure. A 
steady current of 0.40 amp. flowing through 3 henrys inductance on a 
battery of 30 volts was interrupted for 1,000,000 times. This circuit! and 
the relay are shown diagrammatically in Fig. 1. The contacts were 
formed by the abutting, slightly rounded ends of sections of wire 1 mm. 
dia. held in a relay in such a manner that they could be removed for weigh- 


‘The capacity shown in Fig. 1 was not used until a test described later. 
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ing before and after testing. The discharge produced by the interruption 
of this circuit is a typical glow discharge, the voltage at all times being 
above the minimum of 300 volts necessary to spark in air. Ina transient 
discharge of this nature it is difficult to give an average value of volt- 
age which is effective in determining the energy of the bombarding 
positive ions because the voltage fluctuates during the course of the 
transient. The average value, however, in the case under discussion is 
in all probability from 350 to 400 volts. . 
Fig. 2 shows the characteristic appearance of contacts of a gold-silver 
alloy that have been run for 1,000,000 operations on this 30-volt, 0.40- 
amp., 3-henry circuit. There are plainly visible a mound built up on the 
anode and a broad, irregular crater worn in the cathode and covering 


CATHODE 
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Fig. 2.—PArIR OF CONTACTS SHOWING EROSION OF CATHODE AND A BUILDING-UP OF 
ANODE (1,000,000 oPpERATIONS). 


almost the entire surface. The projection tends to follow the shape of 
the crater. There is considerable dark brown discoloration over the 
surface of the anode which the picture does not show clearly. The face 
of the cathode is kept fairly clean by the discharge but its surface has a 
dull, mat appearance. 


Erosion oF Purge MB&TALS 


A series of tests on eight metals resulted in the cathode losses shown in 
Table 1. In column A this loss is given directly in milligrams weight 
while in B it isin volumes and in C atomic proportions relative to platinum 

nity. 
es While it is difficult to generalize from the data, they indicate that 
metals which are similar in chemical valency have approximately equal 
volume losses. Thus platinum and palladium, iron and nickel, tungsten 
and molybdenum tend to run the same. It is well known in low-pressure 
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cathode sputtering that the losses are in many cases proportional to the 
atomic weight divided by the valence. The comparison in Table 1 of 
metals of different chemical behavior is uncertain because the average 
valency that is effective in any instance is not known. It is likely that a 
mixture of compounds of different valencies are formed and in addition 
there may be some free metal produced directly. It should be noted 
however that silver which is ordinarily monovalent has a very high loss 
while tungsten and molybdenum which may be as high as six have very 
low losses. Gold is both monovalent and trivalent and its loss is very 
similar to those for the elements platinum, palladium, iron and nickel. 


TaBLe 1.—Cathode Losses in a Glow Discharge, 1,000,000 Operations 
A 
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A. Weight loss in milligrams. 
B. Volume loss relative to platinum. 
C. Loss of atoms relative to platinum. 


ERosIon IN GASES OTHER THAN AIR 


In order to study the influence of the atmospheric corrosion on the 
disintegration, tests were run on this circuit in a number of gases: hydro- 
gen, nitrogen, oxygen and argon, of which the most interesting are the 
tests in oxygen and argon. With platinum the loss increased from 1.57 
in air to 3.06 in pure oxygen, and fell to 0.25 in purified argon. In gen- 
eral, oxygen caused an increase and argon considerable decrease in the 
erosion of the elements indicating that oxidation is an important factor 
in detaching the metal from the cathode. This process therefore appears 
to be different from the one discussed previously for low pressures where 
the loss increased with the atomic weight of the gas. Discharge potentials 
in oxygen are higher and in argon lower than in air and there is a pos- 
sibility that this may have had an influence also. However, if a cathode 
is examined under a microscope, films can be seen to form over certain 
areas which in time are torn off by the discharge. The process appears 
to be one of alternate oxidation and destruction and is somewhat 
different from oxidation under ordinary conditions where the protective 
properties of the film itself are of importance in slowing down the reac- 
tion. In the discharge, any film is removed almost as fast as it forms and 
the metal is constantly exposed to the full action of the gas. Ina few 
cases such as aluminum where the oxide dissociates only at a very high 
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temperature it appears that the discharge may be unable to remove the 
protective coating but there is no reason to believe that this is true for 
most of the metals. 

In regard to the action of nitrogen and of hydrogen, in almost every 
case they produced a decrease in the cathode disintegration. One very 
notable exception was gold in hydrogen where the loss was in most 
instances much higher than in air. The abnormal action of hydrogen 
on gold is of considerable interest because there appears to be some reac- 
tion between the two elements. The existence of a gold hydride has not 
been definitely established in chemical literature but the appearance and 
abnormal behavior of the electrodes suggests the more or less transient 
formation of such a compound. Iron was very low on the other hand. 
Tungsten appeared to be affected by nitrogen as its loss was about the 
same as in air. 

It is interesting to note that platinum and palladium did not lose in 
hydrogen to anything like the extent that gold did. As is well known, 
palladium can absorb a considerable amount of hydrogen and this resulted 
in both electrodes actually gaining somewhat in weight. Platinum acted 


- normally with a cathode loss somewhat more than half that in air and 


considerably more than in either nitrogen or argon. The behavior of 
palladium-silver alloys in hydrogen depended on the percentage of pal- 
ladium, the alloy containing 75 per cent. (by weight) of palladium acting 
much like the pure metal while 40 per cent. gave a small but decisive 
cathode loss reflecting the fact that the absorption of hydrogen has been 
greatly reduced by the presence of 6Q per cent. silver. High gold alloys 
had the enhanced disintegration of gold, the magnitude of the effect being 
simply diluted. 


ERosION OF ALLOYS 


The behavior of some of the common elements in the glow discharge 
has been discussed above. A more interesting and conclusive aspect of 
the subject is the performance of alloys. For this purpose more than 200 
alloys have been studied nearly all of which were made especially for the 
work in order to control their purity and treatment. In doubtful cases 
the materials composing the alloys were carefully analyzed and purified 
and check analyses were made after manufacture. This statement is also 
true concerning the pure metals tested above. In the case of platinum 
an unusually high purity was available for check tests. . 

As typical examples of the behavior of binary solid solutions we will 
take the two series; silver-palladium and silver-gold. Both of them, 
according to the best X-ray and thermal evidence available, form com- 
plete and unbroken solid solutions from one end to the other and the 
results are therefore not complicated by variations in their constitution. 
This restriction is necessary because series which are not completely 
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soluble give erratic losses and conclusions are difficult. Even in regions 
where such mixtures are supposedly in solution it is difficult to be certain 
of the interpretation because the previous treatment may profoundly 
affect the structure. 

Fig. 3 gives the results for silver-palladium and Fig. 4 for silver-gold, 
both in air on the 30-volt, 0.4-amp., 3-henry circuit previously used. 
They show the one outstanding characteristic of binary curves, namely, 
that the losses are greatly reduced in the central portion of the series. 
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Fic. 3.—VoOLUME LOSS OF CATHODE OF SILVER-PALLADIUM ALLOYS IN AN INDUCTIVE 
DISCHARGE. 


It is evident that the addition of either palladium or gold, to silver 
rapidly decreases the loss until a minimum is reached around 40 per 
cent. There is then a slight rise followed by a second minimum and 
finally a rise to the value of pure palladium or gold both of which are 
much lower than silver. The small maximum in the center is real for 
it has been checked several times in both instances. 

The two examples of Figs. 3 and 4 are given here because they have 
been studied most carefully and are of most general interest. The 
U-shape type of curve, however, has been verified for tungsten-molyb- 
denum, platinum-palladium, palladium-nickel and palladium-gold with 
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the possible exception of a short region near the high gold end. These 
series are all complete binary solid solutions according to the most 
reliable evidence. If a series does not form solid solutions throughout 
the results are more complicated and some of the alloys may show 
considerably less resistance than either constituent alone. In general 
such alloys make poor contact materials where they have to withstand 
discharges similar to the conditions of this test. Under other conditio ns, 
of course, complex alloys may be very excellent for contacts. 
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Fig. 4.—VoOLUME LOSS OF CATHODE OF GOLD-SILVER ALLOYS IN AN INDUCTIVE 
DISCHARGE. 


The above behavior of the binary solid solutions has not been def- 
initely correlated with any known property of the alloys; the evidence 
indicates that it is primarily due to an increased resistance to chemical 
corrosion. Ordinarily in alloys a resistant, non-corrosive element is 
added which confers that property on the mixture. This is funda- 
mentally different from the behavior shown here in which a degree of 
resistance is secured which is considerably greater than either constituent 
alone. It is interesting to note that many contact materials have a 
decreased erosion together with an increased hardness. The evidence, 
however, fails to prove any general association of the two qualities 
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because in many cases the binary alloys can be hardened by third con- 
stituents without resulting in an increased resistance to erosion. 
Furthermore, the silver-gold alloys are very soft and yet are as good 
as many much harder alloys. 


RELATION OF CURRENT TO EROSION 


In the circuit used in the above tests, the discharge was secured by 
interrupting a current of 0.40 amp. If the current is gradually increased 
another interesting and important effect takes place which will be 
considered briefly. For each contact material there is a limiting direct 
current beyond which the disintegration increases so rapidly that it 
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Fia. 5.—CaATHODE LOSS OF VARIOUS METALS AS A FUNCTION OF THE CURRENT 
INTERRUPTED IN A CIRCUIT OF VERY SMALL INDUCTANCE AND 50 VOLTS BATTERY 
(1,000,000 opmRATIONs). 
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ordinarily becomes impractical to use it, at least without protection. The 
effect is best shown by removing the artificial inductance from a circuit 
such as we have been discussing and obtaining the loss as the interrupted 
current is gradually increased. Such a circuit will produce only a minute 
erosion until the limit is reached, at which value the loss suddenly starts 
to increase rapidly. In Fig. 5 the series of solid curves show the results 
of such a minimum inductance test on several alloys using a battery of 
50 volts. At about 0.4 amp. the disintegration of the gold-silver rapidly 
increases, at about 0.8 amp. the palladium-silver suddenly changes, at 
1 amp. platinum starts to fail and then platinum-15 per cent. iridium 
and finally the 25 per cent. iridium. Clean tungsten is above any of 
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these metals but its limiting current gradually decreases with operation 
due to the accumulation of oxides. Other alloys and metals could be 
added to this list but these are sufficient to show the character- 
istic behavior. 

The previous results on the limiting current have been with a very 
small inductance in the circuit and the question naturally arises concern- 
ing the effect of increasing it. The presence of inductance does not 
alter the value of the limiting current though it does affect the absolute 
magnitude of cathode losses especially at low currents. In Fig. 5 there 
has been inserted the dashed curve, F, to illustrate this point. This. 
curve was obtained on platinum with an inductance added to the circuit 
in the form of a small relay commonly used in telephone exchanges. 
Not only are there considerable cathode losses below the limiting current 
but at that value the losses start to increase much more rapidly than 
without this inductance. A comparison of curves C and F clearly shows 
this difference for platinum and also the very striking fact that the limit- 
ing current has not been altered. 

The question arises why curves A, C, D and E do not approach the 
axis asymptotically. The reason is that on the ‘“‘non-inductive”’ circuit 
the cathodes in these four cases gained in weight very slightly below the 
limiting current due to the acquisition of some material from the anodes. 
These four curves therefore strictly cross the axis and then tend to 
approach the axis asymptotically. This tendency to cross the axis is 
also shown by curve F just above 14 amp. These reversals have not 
been shown in Fig. 5 because they are small and the writer does not wish 
to complicate the illustrations of the limiting currents. 

The general explanation of the existence of a limiting current is that 
as the contacts separate, sufficient heat is generated simultaneously with 
the attainment of a voltage necessary to initiate an arc discharge, as 
distinguished from a glow. The arc discharge greatly increases the 
erosion of the cathodes. An oscillographic examination shows that in 
general with any appreciable inductance present there is a very transient 
are followed by a glow discharge. It is of interest to note that we cannot 
ordinarily increase the limiting current to any important degree by 
alloying unless we very considerably raise the melting point at the same 
time. In some cases the presence of oxides seems to assist in the arcing 
and destruction of the cathodes so that the limit is increased by placing 
the contacts in a neutral gas. For all practical purposes however, the 
limits are fixed. The limiting currents of the five metals in Fig. 5 fall 
in the order of the melting points, the range being about 845° from the 
lowest to the highest. This, together with other evidence indicates that 
the melting point is an important factor in determining the position. 
There are cases in which apparently the condition and characteristics of 
the surface at the junction enter and these cases do not fall strictly in 
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order. The rule, however, is followed sufficiently closely to be of prac- 
tical importance. 


Srconp Typre or ERosIoN—G tow DIscHARGE 


A comprehensive discussion has been given of a typical erosion in a 
glow discharge. There is frequently encountered a second type of ero- 
sion which is characterized by the fact that the transfer of material is in 
the opposite direction to that discussed previously; that is, the anode is 
eroded primarily instead of the cathode. Gold and high gold alloys show 
the most pronounced effect but it occurs with other materials to some 
extent. Platinum only shows it to a very small degree, silver consider- 


Fig. 6.—PaiR OF CONTACTS SHOWING EROSION OF ANODE AND A BUILDING-UP OF 
CATHODE (1,000,000 opERATIONS). 


ably more so. It is possible, for example, to have the remarkable condi- 
tion on a circuit in which one contact material will erode and transfer in 
a given direction and another contact material will go in the opposite 
direction; the only change having been the composition of the contacts. 

The particular types of circuits in which this occurs are usually those 
where there are relatively small amounts of energy stored in the induct- 
ance, but it is impossible to give any general rule as small changes in the 
circuits influence it considerably. Occasionally discharges are obtained 
in which it appears that the transfer will be in one direction at one por- 
tion of the contacting surfaces and in the opposite direction elsewhere. 
It is of course conceivable that such reversals might occur if the polarity 
of the electrodes changed momentarily due to oscillations in the circuit. 
Such an explanation seems to be ruled out by the fact that the behavior 
is so radically altered by merely changing the composition of the contacts. 
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The fact remains however that it is a definite and from a practical view- 
point, an important phenomenon. 

The photomicrographs in Fig. 6 illustrate this behavior with pure 
gold on a circuit of 50 volts interrupting 1¢ amp. with an inductance of 
about lhenry. The cathode has a large accretion from the anode which 
is deeply eroded over a large portion of its surface. Both surfaces have a 
dull, mat appearance with more or less brownish discoloration around 
the edges. 
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Fic. 7.—VOLUME LOSS OF ANODE OF GOLD-SILVER ALLOYS IN AN INDUCTIVE DISCHARGE. 


Fig. 7 shows a typical result for the gold-silver alloys on a circuit of 
50 volts interrupting about 1é amp. with an iron core inductance in the 
circuit of about 1 henry. The figure shows the anode loss instead of the 
cathode loss shown heretofore. The shape of the curve on the gold side 
is similar to the one shown previously in Fig. 4. At the opposite end, 
however, there is only a small rise to the value of silver which is less than 
that of gold. The particular shape is not the same for various binary 
series; an anode loss may change to a gain and the curve cross the axis, 
while with some, the cathode may consistently show the predominating 


loss as in the preceding examples. 
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Turrp Tyrer or Eroston—Capacity DIscHARGE 


In addition to the above two types of erosion associated with the dis- 
charges produced on interrupted circuits, there is a third that occurs when 
closing contacts. The special circuit conditions are illustrated in Fig. 1 
inclusive of the capacity and are as follows: If a capacity is shunted across 
the contacts sufficient to eliminate the glow discharge on interruption, 
but producing more or less sparking on closure due to the shorting of 
the capacity, it will be found that, in general, anodes of noble metals will 
be eroded and the metal will transfer to the cathodes. This direction is 
the same as in the second type of erosion but the conditions producing it 
are not the same and the elements have an entirely different order of 
merit. There is therefore ample justification for considering it a distinct 
method of erosion. 

When a capacity is more or less shorted as occurs in this case there is a 
current surge which tends to heat and burn out the initial point of con- 
tact. This frequently explodes a minute mass of metal and obviously 
very high temperatures may be attained as contacts are often fused 
together; in fact it is a well-known method of welding. Assuming there 
is sufficient force to the relay springs to break the weld, tests show that 
the cathode picks small particles from the anode, resulting in building up 
objectionable points so that if the contacts are operating on a very small 
margin of travel the gap is soon bridged across, with disastrous results 
to the functioning of the circuit. The effect is therefore of prac- 
tical interest. 

In Table 2 there are given some typical results on a circuit containing 
2 microfarads shunted across each contact on a battery of 30 volts. 
When the circuit is open this shunted capacity will therefore accumulate 
a charge at 30 volts which will be shorted out as the contacts close. The 
loss shown in this table is for 1,000,000 operations and the volumes have 
been obtained by dividing the weight losses in milligrams by the densities 
of the metals relative to platinum as unity. 


TaBLE 2.—Volume Loss of Anode in Capacity Discharge—1,000,000 
Operations 
VotuME Loss 


or ANODE 
A Commercial Alloy of Platinum, Iridium and Rhodium.. 3.0 
Pla tim umn 5s 3.5 o5..4 2. Nea er ee eee cae, once gon RS CMV 
Palladiuas.\g a0 no bic ene i ae ee ae t.2 
Olde sek hss irk ack Se ele poe ane een 8.0 
pilvertil <b o4.cb ksh. hh ee tn ee 10.0 


In this table the volume losses decrease as the melting points increase, 
indicating that the infusibility has some influence and that the erosion 
could be reduced to a negligible quantity if there were available a material 
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of sufficiently high fusing temperature. Unfortunately the range is too 
limited in the more easily available noble metals so that resort must be 
had, if possible, to protecting the contact by resistance in series with 
the capacity in order to cut down the current surge on shorting. Alloys 
even though composed only of the lower melting noble metals apparently 
have a somewhat reduced loss in comparison with the elements shown 
in the table but not sufficiently so to offer a solution of the difficulty. In 
this connection attention should be called to the fact that the platinum- 
iridium -rhodium alloy which heads the list in Table 2 may for this reason 
have a somewhat lower loss than would a pure metal of the same 
melting point. . . 


TRANSFER OF MeTAL ‘IN DISCHARGES 


There have been discussed two factors in contact performance, resist- 
ance and erosion, and brief mention has been made of the third, the trans- 
fer of material. The material torn off the electrodes may be lost to the 
side or it may be deposited on the opposite electrode. Discharges between 
contacts usually take place while the electrodes are very close together so 
that the conditions are favorable for the retention of free particles. There 
is of course a certain amount which is lost, the percentage depending on 
the separation, the shape of the electrodes and the location of 
the discharge. 

It has been found that much of this loose material especially in the 
glow discharge first appears detached in the form of oxides and possibly 
other compounds although there may be many points and particles torn 
off in the form of metal. With the noble metals much of this loosened 
material often forms a perfectly solid and mechanically strong accretion 
on one of the electrodes. Some will of course accumulate around the 
edges where there is no chance for fusion with the body of the electrode. 
Base metals in general do not build up to anything like the same extent 
the noble metals as; in fact there is apt to be a small loss where a noble 
metal would show a gain. Furthermore, in hydrogen the base elements 
build up more than in air, indicating that a strong reducing atmosphere 
favors it. This would follow if the phenomenon was dependent on dis- 
sociation of the oxides. 

It is well known that the oxides of the noble metals are much easier to 
reduce by heat than are those of the base metals. The temperatures 


‘attained by loose particles in the discharge must be exceedingly variable 


but a microscopic examination indicates that in many cases they are 
severely heated especially if they tend to form films and loose deposits 
whose thermal conduction to the body of the electrode is very poor. At 
the same time these projections and irregularities intensify the field in 
their neighborhood so that there is a concentration of the discharge on 
them. This dissociation is very fortunate from the standpoint of keeping 
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down the oxide and contact resistance in noble metal contacts although 
at the same time it aids in the building up of objectionable formations 
of metal. ' 
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DISCUSSION 


F, E. Carrer, Newark, N. J.—It is surprising that so little work has been pub- 
lished on the subject of electrical contacts when one considers how much depends on 
them. The trouble is, of course, that there are so many factors at work in a circuit 
it is very difficult to predicate just what is going to happen under special conditions. 
An apparently slight change in a circuit will increase or decrease the electrode loss 
very considerably indeed. We have carried on a great many experiments on con- 
tacts, but not quite along the line that has just been given, because we work with 
much higher amperage and lower inductance. We find things are very different from 
what are given in this paper when you get to higher currents. Apparently the 
condition is reversed; for instance, in Fig. 5 silver is given less than platinum and the 
statement made that the limiting current for the five metals falls in the order of the 
melting points. I wonder whether that should not be the vapor tension. Since 
vapor tension does not altogether fall in the line with melting point, is it not more 
accurate to say in the order of the vapor pressure? For higher currents, silver with 
a very much higher vapor tension and lower melting point actually loses less weight 
than does platinum, showing that other factors are at work. 

Concerning the variable resistance of silver, we have shown that that is only too 
true, although we do not find that the silver oxide film has such a high resistance as is 
indicated in the paper. It is very variable, but is usually below the platinum- 
iridium contact resistance, although it may be higher in some cases. 

As to erosion in bases other than air, we have done no work with platinum other 
than to try the effect of oil and gasoline on contacts. Iridium-platinum points are 
ruined particularly by gasoline. If you drop a little gasoline on a contact point in 
a magneto, for instance, platinum-iridium points do not last any time at all. il is 
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not quite so bad, but it is serious enough. It is different from tungsten. For tung- 
sten, I understand, it is actually recommended that oil be put on the points, possibly 
due to the resulting reducing condition. 

The curve in Figs. 3 and 4 are very interesting as showing a maximum in the 
center. I have no explanation to offer for it. It might be correlated somewhat to 
grain size, and I think Mr. Kingsbury might examine the actual grain size in the 
alloys just around that point and see whether there is an increase in grain size. Cer- 
tainly, we know that in a magneto contact structure has a great deal to do with erosion. 
An iridium-platinum rod, for instance, erodes neuch less than an iridium-platinum 
sheet. I mean that if we take a sheet and blank.the contact out of it, it does not last 
nearly as well as if cut from rod. 

Mr. Kingsbury indicates that somehow there is 4 different style of erosion on the 
anode and the cathode; however, you can make a test run with a magneto and for 
part of the time the cathode will be built up, and then of its own accord the anode will 
start to build up. It is very difficult to give any theory for an inversion like that. 

The size of gap is the all important thing in contact work. If we get too large or 
too small a gap, the erosion increases. Mr. Kingsbury, just what success have you 
had with the oscillograph in determining the current characteristics when the circuit 
is made and broken, and have you had any experience with the use of two contacts 
of different materials, one for the anode and one for the cathode? It seems possible 
the alloy could be varied to suit the erosion for these small currents. 


E. Wicuers, Washington, D. C.—Fig. 5 would indicate a relatively small differ- 
ence in value between platinum and 25 per cent. iridium-platinum. Is that borne 
out by the facts? We were always led to believe 25 per cent. iridium-platinum was 
very much superior to soft platinum for contact points. 

Relative to the other point to which Dr. Carter just referred, the difference in 
behavior between contact points cut from rod and punched from sheet: I have heard 
a good deal about that and wondered whether Mr. Kingsbury also has any information 
on it. 


E. F. Kinessury.—My results show the actual disintegration as we have secured 
it. There is not much difference in the limiting current between the 25 per cent. 
iridium and platinum itself. This is however consistent with the fact that there is 
not a large increase in the current even with tungsten whose melting point is con- 
siderably greater than the 25 per cent. iridium alloy with platinum. 

The point has been raised covering the association of the melting points with 
some of the characteristics. The evidence indicates that there is a correspondence 
in some cases although offhand it is not obvious why there should be. It should be 
kept in mind that when the metal at the point of contact melts the shape of the con- 
taecting area may become very unstable. This in turn is likely to cause excessive 
heating at that point which will explode and volatilize the material, The result 
would be that the attainment of the melting point would produce a discontinuity in 
the performance of the contact. This might explain why the characteristics in some 
eases seem to be determined by the melting point. There are some apparent excep- 
tions which appear to depend on the condition of the surface. 

Concerning the use of contacts of dissimilar metals, Iinfer Dr. Carter means, for 
example, the use of platinum on one side and a gold-silver alloy on the other. Such 
an arrangement cannot be used in general because the polarity of the contacts cannot 
be predetermined. Furthermore, there are many circuits in which it cannot be readily 
determined which electrode is likely to suffer the most erosion. With dissimilar 
contacts the material that is eroded most readily will transfer to the opposing electrode 
and the contacting performance will then be largely determined by that one material. 
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We have made oscillographic studies of the currents through the contacts and the 
contact discharges in some typical circuits but perhaps not as completely as you have 
in mind. - 


C. S. Brarnin, New York, N. Y.—We have found a great difference in the action 
of the contact points where the contact is very gentle. We have found that pure 
platinum sometimes gives better results than platinum iridium. We have also found 
that a tungsten to silver contact, that is one between two dissimilar metals, under 
certain circumstances is very satisfactory. Some of the experiments that have been 
spoken of today are made in magneto tests in which the contact action is quite the 
reverse of gentle. It is a tapping action. Where the strong tapping action is not 
present, there is a very different life for contacts than in this instance. 


C. G. Frnx, New York, N. Y.—Mr. Kingsbury insists on coming back to the 
interrelation between contact life and melting point. I think Mr. Carter is nearer 
right when he says we are really dealing with other phenomena beside the 
melting point. 

There is another point: I see that Mr. Kingsbury tried to introduce other proper- 
ties, such as hardness and life of contact. I think it might be well to study other 
properties besides; for instance, vapor tension. I think the vapor tension curve of 
the gold-silver might be very near to the contact life curve. Of course, advantage 
of tungsten contacts is a high vapor tension. It is true there are little globules of 
molten metal and it is impossible to tell what will happen, whether they are going to 
be pinched off or thrown out and so on. Undoubtedly, the vapor tension is a much 
more important factor than the melting point and some of the other factors. 
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